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Abstract

As CMOS scaling approaches the atomic feature size limit which results in a high power density and current
leakage, low reliability and increased time and production cost, the need for new materials and devices is
increasing. One of the promising materials to replace silicon based devices is graphene nano ribbons (GNRs)
due to its remarkable electronic properties. Theoretical models suggest that 30nm GNR structures can mimic
the behaviour of basic Boolean logic gates such as inverter, buffer, or and nor gates while reducing 30x times
the propagation delay and using 3000x less gate active area compared to the equivalent CMOS realisation. The
main goal of this thesis is to fabricate GNR devices that can be ultimately used as building blocks for Boolean
logic gates, analyse the limitations of achieving sub-50nm patterns and study the edge termination of the formed
GNR patterns.

GNR patterns are explored using a simulation model, which can be used for complementary Boolean logic
gates. The designed graphene patterns are simulated using tight binding model to calculate the electronic band
structure and construct a Hamiltonian matrix. This is followed by calculation of the electronic states and Fermi
energies. Non equilibrium Green function (NEGF) models the electrons and holes distribution trough the GNR
pattern and the rate at which the charge carriers are transmitted from the source to the drain when they
propagate through the device. The result from the NEGF function is used to calculate the charge density using
3D POISSON from which the current through the graphene surface is determined. Finally, with known gate
voltages and current, the conductance is found for four different structures in 10 nm and 30 nm technology.
By changing the way the structures are connected as pull-up and pull-down network, the behaviour of inverter,
buffer, or, and nor gates are obtained.

The patterns from the simulation model with 30 nm feature size are used to create a design for devices to be
fabricated. In addition, the design includes devices with minimal dimensions from 50 nm to 200 nm, squares,
hexagons and pentagons with different dimensions starting from 1 µm up to 10 µm. For this project, graphene
grown by chemical vapour deposition (CVD) was transferred to SiO2/Si samples on which the design of the
structures is fabricated. The fabrication process consist of five steps. First, the samples are spin coated with
polymethyl-methacrylate (PMMA). Second, electron beam lithography (EBL) is used to pattern the structures,
by exposing parts of the resist. Next, the exposed areas are developed in order to remove the resist with
introduced damage from the exposure. This is followed by etching the exposed parts of the graphene using
oxygen plasma or hydrogen plasma. Finally, the remaining resist is cleaned with acetone.

Characterisation of the patterns is performed using Raman spectroscopy, scanning electron microscopy (SEM)
and atomic force microscopy (AFM). From the Raman measurements it was found that the edge termination is
most likely random and defects are introduced to the lattice of the graphene patterns with left contaminants from
the polymer. The achieved minimal feature size of the devices is 50 nm, which was confirmed using AFM and
SEM. In addition to the morphological characterisation of the samples, electrical measurements are performed
and from the transport characteristics, the electron and hole mobilities of mono layer graphene are derived. The
highest carrier mobility obtained from the measured patterns is 882 cm2 V-1s-1.
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Chapter 1

Introduction

In 1975, Gordon Moore forecast that the components used per chip would double it’s amount every two years [14].
Robert Dennard described in 1974 a scaling methodology for CMOS transistors that would deliver consistent
improvements in transistor area, performance, and power reduction [3]. For the past 20 years, the leading
companies has been developing new generation of semiconductors, and each generation was able to scaled the
minimum feature size by a factor of 0.7 and area improvement of 0.5 every two years. Thus, the computing
performance of the electronic devices increased by several orders of magnitude. However, recent technologies
below 14 nm have taken longer than two year to develop, due to the fact that the process complexity and
also the number of steps taken in the photo masking stage increased. Today’s leading chips are made with
a minimum feature size of approximately 30-40 nm that consists of several billion transistors. CMOS scaling
approaches atomic feature size limit, which results in increased power dissipation, low yield, reliability and
increased production cost [16]. In addition, with this minimalistic feature sizes the quantum effects that arise,
are impossible to be ignored. This leads to the fact that it will be no longer possible to continue decreasing the
transistor size using the same technological approaches and materials. Therefore, many researchers are focusing
on alternative to silicon-based technology that could enable the production of smaller and faster circuits. One
of the promising materials to replace the CMOS technology is graphene.

Graphene is the first one atom thick quasi–two-dimensional (2D) material extracted from graphite. This
single atomic layer of graphite (mono layer graphene) has attracted enormous attention among scientific and
technological communities after its discovery from Novoselov and Geim in 2004 [15] due to its remarkable
properties such as high optical transmittance, high electrical and thermal conductivity, high carrier mobility,
mechanical flexibility and strength. Novoselov and Geim et al. [15] contribute not only to the material discovery,
but also that the mobility of charge carriers in graphene can exceed 10000 cm2 V-1s-1 at room temperature with
ballistic transport. In comparison, the carrier mobility of CMOS transistors is approximately 450 cm2 V-1s-1

for hole mobility and between 700 to 1400 cm2 V-1s-1 for electron mobility depending on the manufacturing
quality of the Si [18]. Thus, graphene potentially can be used for the creation of much faster electronic devices.
However, graphene have no band gap formation due to the touching of the conduction and valence bands in the
band structure at the charge neutrality point. This leads to a very low conductivity and sets a limitation for
graphene to be used as a material for digital logic applications. In order to overcome the energy-gap problem,
researchers have been focused on band gap engineering of graphene using strips called graphene nano-ribbons.
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1.1 Graphene nano-ribbons

Theoretically it was observed that when graphene is spatially confined in one direction to nano-meter scale, a
finite band gap opens, which critically depends on the width and edge orientation. This structures in nano-meter
scales are known as graphene nano-ribbons (GNRs) and have two possible edge terminations either zigzag or
armchair. Both types of edge termination in GNR are visualised in figure 1.1. The properties of the GNRs are
determined by its geometry either to act as a metallic or semiconductor element. The chemical properties of
GNRs are also sensitive to the crystallographic orientations of their edges [11].

Figure 1.1: GNR structure of graphene with armchair and zigzag edges. (adapted from [9])

GNR with armchair edges can either have a conducting or semiconducting behaviour. Fujita, Son, and
coworkers [5] performed a tight binding analysis and found that the armchair edges can be classified into three
groups based on the number of atoms in the transverse direction (i.e width of the ribbon). The groups are
presented in equation 1.1

Group1 = 3 ∗ n
Group2 = 3 ∗ n+ 1

Group3 = 3 ∗ n+ 2

(1.1)

where n is an arbitrary integer.
Armchair graphene nano-ribbons that have width equal to 3 ∗ n and 3 ∗ n + 1 shows a semiconducting

behaviour, while structures that their width is equal to 3 ∗n+ 2 are gapless or have very small energy band-gap
and shows semi-metallic behaviour [20]. The gapless behaviour of armchair edges with width 3 ∗ n+ 2 and the
decreasing of the band gap in the other two groups is analytically confirmed using tight binding model (figure
1.2(A)). However, density-functional theory calculations suggest that even for the gapless group found by other
methods there is a finite gap of approximately 0.1 eV as shown in figure 1.2(B) [17] .
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Figure 1.2: Band gaps of armchair edge graphene nanoribbons plotted as a function of its width. (A) tight-
binding model (B) first-principles calculations using the local density approximation (adapted from [20])

The energy gap for armchair structures opens due to the anti ferromagnetic coupling between the magnetic
moments at opposite edges of carbon atoms. The energy gap for this type of structures has always the same
characteristic, in which the energy gap increases when the width of the GNR structure decreases [10].

Considering the groups in respect to the width dependency of the armchair edges to extract the semiconductor
properties of the GNR with armchair edges a fabrication process with very high atomic precision is required.
On the other hand, zigzag edge orientated GNRs are more stable. Theoretical models predicts that they do not
have dependency to the groups as in armchair edges.

Zigzag edges provide the edge localized state with non-bonding molecular orbitals near the Fermi energy [19].
Due to this effect, the zigzag edge structure is expected to have large changes in optical and electronic properties
from quantization [1]. Zigzag graphene nanoribbons are theoretically predicted to have a magnetic insulating
ground state with ferromagnetic ordering at each zigzag edge and anti parallel spin orientation between the two
edges [17]. It is experimentally observed that the band gaps of zigzag GNRs are smaller than those of armchair
GNRs [2]. Theoretical models show that by changing the structure of the GNR with zigzag edge termination, it
is possible to create a semiconductor behaviour and apply it for various type of logic gates [8].

Experimental results reported in [6] for temperature-dependent conductance measurement shows opening of
finite gaps for devices in nm scale with width that varies from 15 nm to 90 nm. The authors observed band gap
for the narrowest ribbons of approximately 200 meV and a drop to 1-5 meV for the ribbons with 90 nm width.
They have reported also that for the measured devices the orientation of the GNR edges is not atomically precise.
Li et. al [12] reported high Ion

Ioff
> 105 ratio for GNRs with widths below 10 nm and band-gap of approximately

150 meV, while for devices with width of 30 nm they observed low Ion
Ioff

ratio equal to 101 and band-gap below
50 meV.

1.2 The role of the edges in graphene nano-ribbons

The geometry and chemistry of GNRs have significant affects on the electronic properties. For zigzag edge
termination, the edge state has a large local density of states and it is spin polarised. This plays a very
important role in determine the electronic, magnetic and chemical properties of the GNR with zigzag edges.
The impact of the electronic properties can also be caused by how foreign chemical species bond to the edge of
the carbon atoms [13]. For example, the attachment of oxygen atoms causes effective boundary conditions. This
together with the formed bondings have a strong impact on the electronic properties. Moreover, depending on
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the number of hydrogen atoms attached to the linear zigzag edge causes the GNR to switch back and forth, which
leads to ON–OFF switching of the electronic activity [4]. Therefore, to be able to obtain the best electronic
properties from the GNR, the smoothness of the zigzag edges and cleanliness of the GNRs have an important
role [7].

Nevertheless, it is still a challenging task to realise the chemical modification of a graphene edge and to tune
the electronic properties in a controlled manner [4].

1.3 Research goals

The aim of this thesis is to explore the limitations of the fabrication process for graphene nano-ribbon devices
and their potential to be used as a building blocks for Boolean logic devices. Thus, the research goal of this
project is to answer the following main questions:

1. What is the current achievable feature size of graphene nano-ribbon structures?

2. What is the edge termination of the patterned graphene structures?

(a) How effectively graphene can be etched?

(b) How can edge termination of the patterns be determined?

(c) How effectively graphene can be cleaned after patterning?

(d) How contaminants influence the electrical properties?

1.4 Thesis outline

This document starts with the theoretical background to the problem in hand by summarising the currently
available production, fabrication and characterisation methods of graphene nano-ribbons in Chapter 2. In
Chapter 3, presents a detail description of a simulation model that is used as a proof of concept that graphene
nano-ribbons can be used as a building blocks for Boolean logic gates. The simulation model is based on
tight binding calculation and implementation of non equilibrium Green function (NEGF) in order to derive the
conductivity of the GNR and from there to be linked to a specific Boolean operation. The obtained results of
the shape and dimensions for GNR are used as a validation for the created and fabricated design, discussed in
Chapter 4. Chapter 5 summarises the results from the characterisation process of the substrates. Finally, in
Chapter 6 the conclusions of the previous chapters are described and recommendations for further study are
given.
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Chapter 2

Background information

The aim of this chapter is to provide a literature survey that follows the order in which a substrate can be
prepared from design to a real device. First, the growth methods of single-layer graphene are discussed. Second,
the available transfer techniques and their influence to the graphene lattice are described. Next, the patterning
methods and their limitations are summarised. Finally, a theoretical study of the available characterisation
techniques is provided.

2.1 Growing methods of graphene

The first theoretical model of a single-layer graphite (named graphene later on) was first proposed back in 1947
by P. R. Wallace et al [52]. This research was the starting point of understanding the electrical properties of
graphene. One year later, the first observations using electron microscopy of a few layer graphene sheets was
made. The first attempts for growing of graphene was performed since 1970 by using epitaxial growth on top
of other materials (substrate) [40]. However, it was observed that the graphene was damaged due to significant
amount of charge transfers from the substrate.

Currently, many different methods exist for preparing graphene that has various shapes, size and quality.
These methods can be divided into two categories, namely bottom-up and top down methods as shown in figure
2.1. Bottom-up methods are used to assembly nanomaterials from atomic scale with high precision. In this
group the most common used methods are epitaxial growth and chemical vapor deposition (CVD) which are
able to create large-size graphene films with high controllable thickness [16].

Top-down approach is a process for breaking down bulk materials into smaller peaces while retaining the
properties of the material [38]. Such methods consist of exfoliation and micro mechanical cleavage of bulk
pristine graphite or chemically treated graphite in order to obtain single-layer or few layers of graphene. The
direct liquid-phase exfoliation (LPE) enables large-scale production of micro meter-sized graphene films. The
working principle of the LPE consist of applying external forces to bulk graphite in order to break the van der
Waals interactions between the adjacent graphene layers. This enables to break the graphite directly without
using oxidation [56]. However, direct LPE usually leads to a mixture of single-layer to multi-layer graphene,
with majority of multi-layer graphene. Typically this results in a poor total yield per volume of solvent [12].

7



Figure 2.1: Fabrication processes for extracting graphene (adapted from [56])

2.1.1 Mechanical exfoliation

The first successful attempt to extract a single-layer atom thick graphene from Highly Ordered Pyrolytic Graphite
(HOPG) was made by Geim and Novolesov in 2004 by using a micro-mechanical cleavage process [42]. The
idea behind this process is to separate graphene layers from the bulk HOPG as visualised on figure 2.2. The
exfoliation process in this method is using a scotch tape applied on the surface of the bulk HOPG. This is
followed by numerously repeating the normal force on the scotch tape from which the graphitic layer becomes
thinner and thinner and finally it will become single-layer graphene.

Figure 2.2: Extracting single-layer of graphene using micro-mechanical cleavage process (adapted from [61])

Using micro-mechanical cleavage a large-area of graphene is possible to be extracted. Based on the samples
produced using this method, many of the phenomenal properties have been discovered such as very high electrical
conductivity, low resistivity, extremely high current densities, inherent strength and ability to absorb a rather
large percent of white light. In addition, Novoselov et al. [42] reported that the mobility of charge carriers in
graphene can exceed 15000 cm2 V-1s-1 at room temperature. However, due to doping of the graphene surface,
carrier mobility can vary widely from 100 to 20000 cm2 V-1s-1 [9].

A disadvantage of the mechanical exfoliation method is the lack of control over the size, the number of single-
layer crystals and the randomness of their location on the substrate. Stating this disadvantage might seem that
the method become unreliable for single-layer graphene, but due to the high number of flakes transferred to the
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substrate, single-layer graphene is very likely to be found. In addition, this method is only suitable for usage in
laboratory research, because it is very time consuming and labour-intensive.

2.1.2 Reduction of graphite oxide

Another top-down method for synthesising single-layer graphene is by reduction of graphite oxide. Using soni-
cation, graphite oxide can be exfoliated to single or few layer graphene.

The oxidation of graphite to graphite oxide is typically performed using Hummers’ method [62], followed
by exfoliation into single-layered graphene oxide (GO), which extends over micrometres in almost quantitative
yields. This is an advantage of the reduction of GO methods compared to the LPE method, which does not
have high yield for single-layer graphene. GO can be easily treated chemically with hydrazine and/or by thermal
annealing. Single-layer graphene produced using this methods shows charge-carrier mobility of more than 1,000
cm2 V-1s-1. This methods is mainly used for production of graphene based electrochemical sensors and can
find suitable uses for composites, coatings, batteries and super capacitors [56]. During the process graphene is
functionalized with oxygen groups, which leads to changing the material properties [47].

2.1.3 Chemical vapour deposition

As mentioned earlier chemical vapour deposition (CVD) is one of the most commonly used methods from the
bottom-up approaches. CVD successfully removes some of the difficulties and limitations that are introduced
by the mechanical exfoliation method. The working principle of the process starts with a carbon-containing gas
on a metal catalyst (e.g. Cu or Ni) surface at high temperatures. The gas reacts with the surface and some of
the carbon atoms attached to the substrate surface at certain locations. Eventually, other carbon atoms bond
to the ones already deposited on the substrate which forms the honeycomb structure of graphene [49].

Compared to the mechanical exfoliation the size of the graphene film can reach cm lengths and it is much
more promising for scaling up. Some of the advantages of this methods are low defects, good uniformity, and
control over the number of graphene layers. However, still it is a challenge to control the deposition of each
individual atom in order to form a "perfect" honeycomb structure which leads to degradation of the electronic
and optical properties. CVD growth graphene is created on metal catalyst, which requires a transfer to a target
substrate (eg SiO2) for further patterning. The process of transferring is still in development and causes lattice
damages, impurities and polymer contamination. This leads to CVD growth graphene to show a lower carrier
mobility that ranges from 100 to 1000 cm2 V-1s-1 [54].

2.1.4 Chemical self-assembly

Chemical self-assembly is a bottom-up approach that can be used for creation of graphene grains starting from
the individual atoms. The approach uses the molecules of the material and by their own interaction, it allows
forming a large scale complex structure, when certain environmental conditions are met during the assembly
process. The driving forces working behind the self-assembly process of graphene are inter-layer π − π bonds,
electrostatic forces and dipole-dipole interactions. With the assistance of this driving forces it is possible to
create hierarchical composites possessing unique structures and functions.

Graphene sheets have double-sided functionalization in self-assembly processes, which allows for layer by
layer coordination assembly. Usually, the self-assembly process for graphene arrays is developed directly on gold
surfaces [55]. However, physical and chemical modification are required in order to ensure the targeted assembly
architecture for graphene [41].
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2.2 Transferring methods of growth graphene to another substrate

In general, there are two methods used as a transfer process namely carrier or stamp method. Both methods
are visualised in figure 2.3.

The carrier method uses a thick organic film such as polymethyl-methacrylate (PMMA) to cover the graphene
layer on the growth substrate. When the film is placed, the growth substrate is etched away with inorganic acid
without introducing damages to the resist or to the graphene. Once, the growth substrate is removed, the
resulting stack of resist and graphene is placed on top of a desired substrate (eg SiO2). An important part
of the process is the selection of the organic film which should be relatively easy to remove without damaging
the graphene structure. The mechanical strength should be also precisely applied, in order to ensure that the
graphene remains with the same quality on the selected substrate. Applying a large mechanical force will cause
extending of the carbon to carbon distance and change the properties of the material [36].

The stamp method uses polydimethylsiloxane (PDMS) as a resist on the growth substrate, before the sub-
strate is etched away. Similar to the carrier method, the remaining part of resist and graphene is placed on top
of the desired substrate. The stamp is later on removed using mechanical detachment [8].

Figure 2.3: Carrier and stamp methods for transferring graphene from growth substrate to the selected substrate
for further processing (adapted from [11])

For both methods the transfer film serves as a mechanical support for the graphene, which should guarantee
a defect-free placement. Nevertheless, the transfer polymer after removal from the desired substrate can leave
residuals. Moreover, because of the treatment with aggressive chemicals for the resist removal, an extensive
cleaning is necessary. Considering this, the transfer process to another substrate inevitably will introduce
defects in the graphene.

In addition, the current production of synthetic graphene films are typically poly-crystalline [22], that consists
of many single-crystalline grains separated by grain boundaries. Such poly-crystalline graphene film is obtained
in case graphene is growth using CVD (section 2.1.3). In CVD, the grains nucleate from random and uncontrolled
locations. Eventually, the grains will become large enough and two consecutive grains will form a grain boundary.
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The grain boundaries between two grains could be complete overlapping or that they are very close to each other.
The expectation of the formed grain boundaries is to degrade the mechanical and electrical properties of the
resulting poly-crystalline graphene due to formation of non hexagonal rings [3].

2.3 Patterning of graphene

Digital electronics applications such as Boolean logic gates require a sufficient band-gap in order to switch off
the device for proper operation. Therefore, further modification of the transferred graphene is required.

Features like GNR alignment, width control, aspect ratios, ribbon to ribbon variations are essential to control
the electronic characteristics of the fabricated devices and their use as Boolean logic gates. In this section, two
methods are discussed including their advantages and limitations. In addition, the currently available etching
techniques are presented.

2.3.1 Photo-lithography

Optical lithography is a process that uses UV light as a source to transfer a pattern on a substrate via a photo-
mask. The first step of the process is coating the substrate with a photo-resist, which is a polymer sensitive to
light exposure. The pattern size is dependant from the photo-mask, which makes this technology currently less
preferable for patterning GNR devices.

2.3.2 Electron beam lithography

Electron-beam lithography (EBL), a technique that originates from scanning electron microscopy (SEM), is
a direct writing method to draw a custom patterns on a surface covered with an electron beam sensitive film
called resist. There are two types of resists namely positive resist that uses material like polymethyl-methacrylate
(PMMA) and negative using hydrogen silsesquioxane (HSQ) as a resist [33]. The focused electron beam on the
surface changes the solubility of the resist, which provides a selective removal of either the exposed region in
case of positive resist or of the non-exposed region when negative resist is coated on the sample surface. The
exposure process of positive and negative resist is presented in figure 2.4. In addition, when the damaged resist
is removed with developing, the exposed parts are etched in order to form the desired graphene pattern.

Figure 2.4: E-beam lithography removal of the coated positive or negative resist and further etching the exposed
parts
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EBL allows simultaneously to pattern different design on one wafer. The simultaneously patterning is also
possible in photo-lithography, but the real strength of the EBL is that it allows to program the beam directly.
For optical lithography a mask has to be made with the required patterned design, which usually is build using
EBL. However, this process of patterning could not be used in industrial scale as it is a slow and expensive
process.

One of the most important features of the e-beam lithography is to have a stable high-quality beam source
produced by electron gun . The ideal gun should be capable to achieve high brightness, high uniformity, small
spot size, stability and reliability. In order to detach electrons from the cathode of the gun, the cathode should
be either exposed to high temperature or a large electric field should be applied through it [1]. To turn on and
off the beam usually after the electron gun, beam blanks are placed in form of plates. Magnetic lenses are used
to adjust the spot sizes by either focus or deflect the moving electrons from the gun.

Today EBL systems are capable to achieve a spot size below 5 nm [2]. However, the spot size can be limited
from various factors such as scattering. When electrons enters the resist a series of "low energy collisions" is
started that cause electrons to deflect [14]. In addition, some fraction of the electrons do not penetrate deeply
into the substrate and can cause exposure microns away from the initial spot. This leads to proximity effect
where electrons writing a feature at one location increase the exposure at a nearby feature, causing pattern
distortion and overexposure [43]. Therefore, the accuracy of EBL is correlated also with the resist thickness.
Another limiting factor of the spot size can be caused from secondary electrons which occurs from ionisation of
the incident electron with the resist [14].

In addition, electron-beam irradiation can degrade the electrical transport properties of single-layer graphene.
It was experimentally shown that the irradiation causes decreasing of the charge neutrality point, due to doping
of the graphene [10]. In every material the charge neutrality point is referred to a position in the Fermi energy,
where the material is charge neutral. The principle of charge neutrality states that the sum of positive charges
must be equal to the sum of negative charges. In high-quality single-layer graphene the charge neutrality point
is usually very close to 0V. A more detailed explanation of the Fermi levels will be provided in Chapter 3.

2.3.3 Graphene etching

To remove part of material’s surface an etching process is used. Etching can be divided into two types: wet
and dry etching. Wet etching is an isotropic process that uses liquid chemicals to remove substrate material.
It requires large amounts of etchant chemicals that should be consistently replaced in order to keep constant
etching rate. This leads to very high chemical and disposal costs.

Dry etching uses plasma or etch-ant gases that removes the substrate material in form of a gas. The
advantages of using the dry etching process are that consume small amount of chemicals for etching and is
possible to achieve high resolution and cleanliness. Considering the advantages of the method and the fact that
most of the wet etching chemicals does not react with graphene or are very likely to make a reaction with the
resist itself, the research related to graphene etching is focused on processes that utilise the dry etching method.

Plasma etching is a process with short reaction time that provides the ability to modify only the top layer
of the surface, uniformly. The most promising etching method to remove the exposed parts of the graphene is
oxygen plasma .With oxygen plasma, etching of single- to multi-layer graphene shows good results on various
substrates such as SiO2 [39] or on SiC [46].

Liu et al. [32] was able to obtain 10nm GNRs using negative resist combined with oxygen plasma etching.
Bai et al. [5] used chemically synthesized nanowires to create a mask on graphene film and further etch it with
oxygen plasma. Based on the conducted measurements they observed that the electrical characteristics of the
device strongly depend on the GNR width. Devices that have sub-10 nm channel widths have much higher Ion

Ioff

ratio compared to devices with larger widths. Yang et. al. [60] shows a reduction of multi layer to single-layer
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graphene using nitrogen plasma and post-annealing with a mixture of argon and oxygen plasma in 900°C. Lim
et al. [59] utilised a neutral beam assisted atomic layer etching technology using oxygen plasma for radical
absorption and desorption in combination with argon neutral beam irradiation to achieve a single graphene
layer. Atomic layer etching process based on chemical adsorption by low energy oxygen plasma (0 to 20 eV)
followed by psychical desorption with low energy argon (11.2 eV) was observed to reduce one graphene layer per
iteration [26].

Apart from oxygen plasma etching, other methods are used for etching graphene such as hydrogen plasma
supported with argon [58], He plasma [34] and thermally activated Fe particles [15]. All of this solutions were
able to create patterns with highly introduced defects.

The only etching process that showed results for pristine graphene is remote hydrogen plasma [35]. The
authors present a method that is capable of etching three layer graphene into hexagonal shapes with zigzag
edge termination. They observed that at low etching temperatures the energy was not enough to overcome the
reaction barrier in order to break the carbon-carbon bonds. On the other hand, using high temperature during
the etch process suppresses the formation of sp3-hybridized carbon and methane. Both effects contribute to
reduced etching rates. They found out that the etching rate for zigzag edges in hydrogen is slowest compared
to other edge configurations due to their density. The kinetics of the etching reaction is affected only by the
intrinsic properties of graphene from which they found out that armchair edges are the ones with the highest
etching rate [35].

2.4 Characterisation of graphene

The section describes the methods used to evaluate the quality, detection of single-layer-graphene and different
microscopy processes for characterisation.

2.4.1 Determine the quality of graphene

Raman spectroscopy has been used for many years as a method to observe and determine the structural and
electronic characteristics of graphene [44, 45]. Raman spectroscopy can be used to determine the number of
layers, quality, edge orientation and other properties.

The principle behind the spectroscopy is based on the Raman effect, which occurs when an external light
enters in a molecule and interacts with electron or phonon. This leads to vibrational and deformation of frequency
shift from which the incident photon changes the electron state to "virtual state" and re-emission of it leads to
Raman or Rayleigh scattering. There are two types of scattering observed from the Raman effect namely Stokes
and anti-Stokes scattering [4].

Stokes scattering occurs when the molecules are excited from the initial state into the "virtual state" and
later on shift back to the higher vibrational excited state. In case the molecules are already in the vibration state
the anti-stokes scattering occurs, which is the same as Rayleigh scattering where the scattered light have the
exact same frequency as the initial vibrational state. Anti-Stokes are less likely to occur then Stokes, because it
requires the molecule to be in excited state in the first place [13].

In figure 2.5 are present all of the known graphene peaks and their position at the Raman shift. The D
peak observed at approximately 1350 cm-1 is caused due to the presence of some disorder to the sp2 graphene
structure and it can be used as a indication for defects introduced to the graphene. For instance, in a perfect
graphene structure this peak disappears. The intensity of the D peak is highly dependent from the orientation
of the edges. It was observed that for armchair edges the peak is more intense compared to the peak intensity
for zigzag edges [6].
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The D’ band can be observed at 1620 cm-1 in case that in the graphene structure exists randomly distributed
impurities or surface charges. Experimental results suggests that the ratio of D and D’ bands, can provide
information of the type of defects such as changes in the carbon hybridisation from sp2 to sp3, grain boundaries,
vacancies and implanted atoms [17].

Figure 2.5: Known graphene peaks measured with Raman spectroscopy (adapted from [23])

The G band arises due to the stretching of the carbon-carbon bond and it is highly sensitive to strain effects.
The intensity of the G band depends from the graphene thickness and can be used to determine the number of
graphene layers [51]. However the G band intensity is affected also by annealing conditions and it is temperature
dependent. In order to avoid thermal effects during Raman measurements weak laser beam should be used. [21].
Experimental results shows that the frequency of the G band is affected by doping for which shifting of the peak
is observed [18].

The 2D peak originates from the graphitic chemical structure and its shape depends on the number of
graphene/graphite layers. It was experimentally observed that the peak for a single-layer graphene is much
more intense and sharper compared to multi-layer graphene [51]. Doping can contribute to increase of the 2D
spectral width and can be used indirectly to determine the type of doping. It was observed that the full width
half maximum (FWHM) for the 2D peak increases to 34 cm−1 for n-doped graphene, while p-doping shows
expression of 38 cm−1 [7].

Finally, the D+D’ band occurs, because of the two-phonon processes and it can also be used to determine
the quality of the graphene.

Common to all sp2 bonded carbon materials are two of the peaks observed by Raman spectroscopy which
are located at approximately 1583 cm-1 (the G band) and in the range of 2500 to 2800 cm-1 (2D band or as it
is referred in some research studies G’ band). For a single graphene layer the 2D peak is located approximately
at 2680 cm-1 by using laser with wavelength of 514 nm [27].

Figure 2.6 shows the typical measured peaks of single-layer graphene. The interpretation of the peaks can
give a lot of useful information in regards to the graphene structure and the number of layers.
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Figure 2.6: Main Raman spectroscopy peaks of single-layer graphene measured with 514 nm green laser.

• The ratio between the intensity of the D and G peaks can be used to characterise the level of disorder in
graphene and estimate the amount of defects in carbon materials, such as rips and tears. For single-layer
graphene the ratio should be less than 0.1 or ideally 0. (ID/G < 0.1) [19].

• An indication for a single-layer of graphene is the ratio between the 2D and G peak which should be larger
than 1.5 (I2D/G > 1.5) [63]. The relative change in the position of the 2D and G bands result in increase
of I2D/G ratio above 2, when graphene is strained [28].

• Analysis of the FWHM of the 2D peak, can be used as a confirmation for the number of layers in graphene.
The typical expression of FWHM for single-layer graphene should be 27.5 ± 3.8 cm−1. The single-layer
graphene can be easily distinguished as the FWHM for bi-layer graphene is observed to be 51.7 ± 1,7
cm−1, for tri-layer 56.2 ± 1.6 cm−1, for four-layer 63.1 ± 1.6 cm−1 and five-layers 66.1 ± 1.4 cm−1 [20].
FWHM of the 2D peak is also sensitive to strain and strain fluctuations. It was experimentally observed
that the spectral width is broadened at the grain boundaries with width of approximately 36 ± 1.6 cm−1

[29].

• The FWHM of the D and G bands is experimentally observed that becomes wider 15-22 cm−1 and 16-26
cm−1 when single-layer graphene is either stress/strains or doped [48].

2.4.2 Scanning tunnelling microscopy

Scanning tunnelling microscopy (STM) is based on the quantum tunnelling effect of the electrons that forms
energy barrier between a tip and the surface. With the use of a sharp tip the density of the states can be derived
from scanning atomically flat surface [57].

The operational process of the tip is controlled from a feedback system which have a possibility to change
the work mode to either using a constant current or constant height. The first mode, readjusts the voltage of
the piezoelectric stage which is used to move the tip towards the scanning surface in order to keep the tunnelling
current constant. In case, the current decreases, the feedback system will push the tip closer to the surface.
On the other hand in constant height mode, the tip is kept at fixed distance on the sample and changes in the
tunnelling current are mapped. The STM tools are able to achieve maximum atomic resolution of 0.6 nm for
graphene [53]. An example of high resolution image taken with STM is shown in figure 2.7.
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Figure 2.7: Atomically resolved STM images of the structure of single-layer graphene with resolution of 0.6 nm
(adapted from [53])

The high atomic resolution allows for further analysis of the image and extract the edge orientation of the
graphene grains/patterns. Nevertheless, a conductive path is required to the scanned area in order to obtain
an image, which makes this method not suitable for individual graphene nano-ribbon patterns with no contact
connection.

2.4.3 Atomic force microscopy

Atomic force microscopy (AFM) is a non-interfering and non-contaminating scanning probe microscopy technique
for characterizing the topography of a surface using a centilever with attached at the end tip. The formation of
the tip is made typically by gluing diamond or gold fragments to the centilever. Due to the occurred attractive
or repulsive forces from the tip, the centilever is able to deflect. Compared to the STM, AFM can be applied in
broader range of applications, as it can be used for conducting and non-conducting surfaces and it also have the
possibility to be used in room environment. The two most common geometries for the tip are rectangular and
triangular with 5 to 10 nm lengths. The motion of the tip during scan in each direction is monitored through a
reflected laser beam. The reflected beam is tracked by a sensitive photo-detector. For creating a dynamic force
mode, the probe is attached to a holder with a shaker piezo which provides the ability to oscillate the probe
in a range from 100 Hz to 2 MHz. Depending on the application, AFM can be operated in either contact or
non-contact modes.

In a contact mode, similar to the STM either the constant height or the constant current mode can be used.
In a non-contact mode (tapping mode), the tip vibrates closely to the surface sample with a distance in order of
a few nm. Furthermore, in tapping mode it is possible to measure the frequency modulation or dynamic force
microscopy based on the dynamic properties of the cantilever carrying the tip. However, measuring dynamic
response using frequency modulation can restrict the operation speed of AFM [50].

A limiting factor for the resolution is in cases when the tip is not sharp enough. This leads to effect known
as distortions from which the correct surface topography is not visualised, instead the interaction of the tip with
the sample surface is recorded. Distortions are more significant when the tip dimensions are closer to the size of
the measured patterns. For this case, a sharper tip is more suitable to be used instead of a dull tip. Furthermore,
contamination of the tip can generate profile discontinuities, or tip artefacts that are visualised in the image
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topography as generation of new features or repeated patterns. Apart from tip disorders, a shifts of profiles
caused by gradual uncontrolled movement over time in horizontal and/or vertical direction, known as drift, can
cause a very large amount of distortions. In particular, this is observed when high resolution images of a few
hundred nano meter scan range is required. In addition, external noise that originates from different sources such
as electrical, acoustical, vibrational or mechanical can also degrade the quality of the image. Finally, disorders
can occur in the final image from software manipulations of the data, such as data levelling. The aim of the
correction is to remove the tilt that occurs between the microscope in horizontal and vertical scanning plane
and the sample surface. Typically the tilt is within 5°, but in some cases it can exceed 15-20°. The removal of
the scanned topographies is done by computing the mean plane of the best fitting measured data and subtract
the result with each line of individual data. This can cause deformation of the real surface topography [37].

Advantage of the AFM technique is that it permits nano scale movements, and uses a probing tip that can
also be used as a micro-tool. This makes it possible AFM to be used in nano scale lithography. AFM-based
lithography can ensure spatial resolution of under 10 nm. However, still there are some unresolved problems
for application that require high throughput and wider patterning. For instance, the vertical resolution is
controllable to sub-nanoscales by the feedback system, but the lateral resolution is mainly dependent on the
calibration of the data and does not have a feedback system due to high cost. This introduce a difficulty in
controlling the pattern and creating more complex structures than lines [24].

2.4.4 Transmission electron microscopy

Transmission electron microscopy (TEM) which includes scanning transmission electron microscopy (STEM) is
one of the most promising methods for the characterisation of materials down to the atomic scale. In STEM, a
highly focused probe is rastered across the sample using deflection coils. A major requirement for analysis using
this method is the correct sample preparation beforehand for which it should be possible for the transmitted
electrons to reach the detector through the sample. In case of one layer atomically thick structures such as
graphene, any support film would have a stronger contrast in the final image than the graphene itself. With
the current widespread availability of chemical vapor deposition (CVD) synthesis of graphene on metal surfaces,
[30] the transfer of CVD grown samples to standard TEM grids [31] currently appears to be the most efficient
route to obtain free-standing membranes in a TEM-compatible geometry.

The TEM image processing can be divided into two steps:

• Modification of the incoming electrons wave from the sample.

• Further modification of the end wave behind the sample by the optical system of the microscope.

For STEM imaging the steps are reversed, starting from modification of the waves that are hitting the optical
system and then process the electrons coming for the sample it self. In case of bright-field imaging both methods
provide identical result.

2.4.5 Scanning electron microscopy

Scanning electron microscopy (SEM) technique is a method for evaluating the surface morphology. This is
achieved through focusing a beam of energetic electrons on the sample. Similar to the electron beam lithography,
the electrons are produced from electron gun and passed through a combination of lenses and apertures in order
to produce a focused beam of electrons. The beam of electrons interact with the surface of the sample which
leads to secondary electrons, back scattered electrons and X-rays. All of this signals are collected from detectors
and the final results is formed as an image. Depending on the accelerating voltage the electrons can penetrate the
sample to a depth of a few microns, which leads to the effect of secondary electrons and X-rays being produced
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[25]. The maximum resolution obtained from SEM depends on multiple factors, like the electron spot size and
interaction volume of the electron beam with the sample.
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Chapter 3

Simulation model

The aim of this chapter is to give detailed explanation to the reader, of how the simulation model for graphene
nano-ribbons Boolean logic devices is realised. Furthermore, the model is used to derive a suitable GNR butterfly
shapes that can be used for the realisation of complementary Boolean logic gates. This is achieved by simulating
each structure that is part of the formation of the device as pull-up and pull-down network and look at how the
conductance of each structure changes when external voltage is applied.

3.1 Implementation

The model uses iterative approach to derive the current through the graphene when external voltage is applied
and from there the overall conductance can be found. The GNR device is considered as ballistic semi-conducting
device. In the list below are described the steps taken in consideration during calculation of the model for deriving
the overall conductance.

• Electronic band structure

• Electronic states and Fermi level

• Density of states (DOS)

• Charge density through the surface of the graphene

The model of the device is considered as a GNR structure connected between two contacts with different
Fermi levels (µ1 and µ2). Due to this connection it makes the device out of equilibrium state. The connection of
the structure with the contacts is visualised in figure 3.1. The approach used for solving the problem is present
in figure 3.2. First, by using a non equilibrium Green function the density matrix is determined. The required
parameters to derive the density matrix are the Hamiltonian matrix, voltage potential across the surface,contacts
self energy and their Fermi levels. Secondly, the potential is recalculated using Poisson equation and the result is
compared with the previous potential [6]. If the difference of the absolute values of both voltages is larger then
30e−3, the process is repeated starting from recalculating the density matrix with the new potential. Otherwise,
it is considered that the computation is converged and the current is calculated in the next step. Each one of
this steps and how the matrices are constructed and found, will be discussed in details in the next sections of
the chapter.
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Figure 3.1: GNR device driven out of equilib-
rium from two contacts with different Fermi levels
(adapted from [5])

Figure 3.2: Self consistent procedure
for determining the density matrix
from which the electron density and
current can be derived for the overall
device (adapted from [5])

3.1.1 Electronic band structure

The honeycomb structure of the graphene is formed from a single layer of carbon atoms, that create pattern
of repeating hexagons. The number of electrons in one carbon atom are determined by its number in the
periodic table (i.e six). The electrons can be separated into core and valence electrons. Two of the electrons
are core electrons located in the inner orbital, strongly bounded to the nucleus and does not interact with the
neighbouring carbon atoms. The four valence electrons are located in the outer orbitals and therefore interact
with the surrounding carbon atoms. All of the electronic and chemical properties of graphene are determined
by the valence electrons. These valence electrons are formed from 2s, 2px and 2py orbitals [7]. The unit cell
consist of two carbon atoms labelled as A and B in figure 3.3. Carbon-carbon distance is known to be 0.42 nm.
The vectors a1 and a2 in the Bravias lattice can be calculated with the equations 3.1 and 3.2 where a is the
inter-atomic carbon distance. The equality of the vectors a1 and a2 gives a reciprocal lattice rotated on 90°
from the Bravias lattice forming a new vectors b1 and b2. Both new vectors form a first Brillouin zone which
characterise the states in a system such as graphene, e.g. phonon or electron states. The reciprocal vectors can
be calculated from equations 3.3 and 3.4 [18].

a1 =
a

2
(3,
√

3) (3.1)

a2 =
a

2
(3,−

√
3) (3.2)

b1 =
2π

3a
(1,

√
(3)) (3.3)

b2 =
2π

3a
(1,−

√
(3)) (3.4)

The high symmetry points of the reciprocal lattice are given in the figure 3.4 with coordinates shown in 3.5
and 3.6
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Figure 3.3: GNR honeycomb lattice struc-
ture with two carbon atoms A and B per unit
cell with lattice vectors a1 and a2. The near-
est carbon neighbour vectors from B to A are
shown as δ1,2,3 (adapted from [4])

Figure 3.4: GNR reciprocal lattice, with first Bril-
louin zone spanned by vectors b1 and b2 (adapted
from [4])

Dirac points are formed for a specific points in the electronic band structure, where two linear bands meet.
For graphene, this points are located at the end of the first Brillouin zone at K and K’ points [13]. As graphene
crystal structure is 2D, the electrons can have momentum in x and y directions at the points that are at the
intersection of two Dirac cones. The touching points between the Dirac cones gives an advantage of graphene
in terms of its electronic properties. First, it allows for electrons to easily move between two bands. This means
that with applying a small voltage through graphene, more electrons can occupy the upper band and allow for
current to flow through the material. Second, when the graphene is in micron meter size and even few hundred
nano meters, the two bands causes electrons to behave as massless particles [16]. This is due to the fact that
the band near Dirac point is straight, which causes the electrons that are located in these electronic bands to
behave as they have zero mass. In other words, this leads to pseudo-spin of the electrons in addition to the
normal spin. Due to the introduced pseudo-spin, the electrons behave as chiral electrons. Finally, the aligned
bands of the graphene, makes it very efficient in absorbing light.

Apart from the edge of the structure, each carbon atom inside the structure has three bonds with neighbouring
atoms. In case of x-y plane position of the GNR, the sigma bonds (σ) correspond to sp2 hybridised orbitals
formed from the 2s, 2px and 2py orbitals. For graphene, the levels involving these orbitals are decoupled from
those that involves 2pz orbitals, which means that there are no corresponding matrix elements in the Hamiltonian
coupling for 2px and 2py orbitals. In addition, the energy levels of this orbitals are either too far below or above
Fermi level, which contribute to the fact that the conductance and valance bands are mainly formed from the
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2pz plane. In pz orbitals of neighbouring atoms overlap which results in creation of π and π∗-bands [6]. This
simplified the calculation of the model and conduction and valance bands can be described quite well by using
only one plane. Moreover, the number of electrons that can be released per each carbon atom from 2pz plane is
known to be only one.

The energy band structure of undoped graphene is visualised in figure 3.5, from which it can be seen that
the six meeting points are located at the K and K’ points from the first Brillouin zone. In figure 3.6 the linear
dispersion of the Dirac cones is visualised. Each Dirac cone meets the other one at K points, which forms a
canonical-shaped valley [1].

Figure 3.5: 3D relation for graphene π energy bands
(adapted from [16])

Figure 3.6: Dirac cone projec-
tion for low energy near K points
(adapted from [16])

The electronic states ψ and the corresponding energy values Ek can be derived by solving the Schrödinger
equation 3.7. In further discussion of the simulation model the calculation of the electronic states and energy
levels will be described as non equilibrium Green function (NEGF), which is a matrix representation of the
Schrödinger equation. The NEGF method is used to model open boundary conditions devices with a description
of coherent quantum effects such as confinement, interference and tunnelling. In addition the NEGF method
includes scattering of phonons and device imperfections such as roughness, defects and impurities [11]. Moreover,
the NEGF formalisation provides a very well defined connection that can be used to calculate the density matrix
from which the electron density and current can be obtained [14].

H[ψ] = Ek[ψ] (3.7)

First let us consider the generation of the Hamiltonian matrix. Semi-empirical tight binding model is used
to calculate the electronic band structure of the graphene. The model is using approximation of wave functions,
which are derived from the superposition of the isolated atoms located at each atomic site. The atomic wave
functions are described as eigenvalues of the Hamiltonian matrix H in equation 3.8 [10]. The Hamiltonian matrix
H describes the electron hopping between nearest-neighbour carbon atoms. For the formation of the matrix are
also taken into account the internal and external potentials, applied through top and back gates.
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H =
∑
i,j

ti,j (3.8)

where ti,j equals zero if atoms are not adjacent, otherwise the atom is set to -2,7 eV.

Figure 3.7: GNR sheet Figure 3.8: GNR butterfly

Initially, all atoms of the GNR are described with the numbering followed as shown in figure 3.7. The
numbering of atoms is chosen with respect to the direction of the current flow through the GNR when external
voltage is applied. The current direction is going from left to right, perpendicular to the edge orientation. Once
the GNR matrix is described in the Hamiltonian, a remove operation is performed, in order to remove the
connections of the atoms that are not part of the design of the simulated structure. The removal process is
repeated until the desired shape is achieved. In this report, the focus is only limited to butterfly shapes which
can be used as building blocks for the realisation of different Boolean logic gates. An example butterfly shape
is visualised in figure 3.8. For all of the simulated butterfly shapes the slope between the source/drain contacts
and the channel is set to 60°.

The Hamiltonian of the butterfly structure is divided into four sectors as visualised in figure 3.9. The carbon
atoms connection for the drain and the source part of the structure are the same with the only difference between
them is the indexing of the atoms. Therefore, the matrix representation can be considered as one region and it
is generated only once. For the two slopes towards the channel the connection for each column of the GNR is
different and this is the reason why, each slope is described as individual sector in the graph. Due to the very
large number of atoms for structures above 10 nm, only a small block of the Hamiltonian for sector 1 is saved.
The same applies for the semi-infinite contacts for which the same number of columns as in sector 1 is stored.
Otherwise, if the full Hamiltonian for sector 1 is stored it will result in enormous amount of memory usage and
simulations are very likely to fail. The reduced Hamiltonian description of sector 1 is believed that it should not
affect the final result, as this small block can be re used in the computation of the sector because the atoms have
the same bonding (i.e the bonds stored in the Hamiltonian have the same values). For the remaining sectors the
atoms in the Hamiltonian are fully described.
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Figure 3.9: Butterfly Hamiltonian construction of the gates and channel

3.1.2 Electronic states and Fermi level

The ability of electrons to behave as a charge carriers (i.e the ability of quasi-particle to move freely, carrying an
electric charge) depends on the availability of the not occupied electronic states [2]. This phenomena allows for
electrons to increase their energy when external electric field is applied through the device and makes them able
to flow. The electronic states for a semiconducting structure are shown in figure 3.10. With grey are marked
the areas in the filled bands where holes ( empty states ) can be formed. It is known that the holes can also
contribute for changes in the conductivity. Holes, are vacancies which are created after an electron leaves its
place. The Fermi level E = 0 between the valence and conduction band is marked as Ef . Semi-conducting
devices that have a small band-gap allows the flow of electrons from valence to conduction band when external
energy such as thermal is applied.

Figure 3.10: Allowed electronic states that can be occupied in a semiconducting device

Fermi level E = 0 is equal to the electrochemical potential µ, which gives information of up to what energy
level the allowed states are occupied in respect to its position. The location of the electrochemical potential can
be determined by using photo emission measurements which shows how far below the vacuum level this point is
located [3].

In case that the source and the drain regions of a device are coupled to the channel, the electrons will flow
in and out of the device bringing them all in equilibrium with a common electrochemical potential. In this
equilibrium state, the average number of electrons over time in any energy level is typically not an integer, but
is described by a Fermi function (equation 3.9) [17]

φ1(E) =
1

e
E−Vdd
kBT + 1

(3.9)
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where E represent the current energy level point, V is equal to the Vdd and kBT is the Boltzmann constant
with selected temperature. All the simulations are performed at room temperature.

The energy level points (E) are generated as a vector values in range of -5 to 6 with a step of 0.1. The result
of the Fermi function is compared with a static value of 1e−16 and in case the result is less than the compared
integer and the range is still in the negative site, the minimum energy level is adjusted to be equal to the current
tested energy point. In the opposite case, if the value is larger than the selected integer and the range of the
energy level points is in the positive site, the maximum energy level is set to be equal to the current test point.
The ranges of the energy level points are selected based on observation of how the minimum and maximum
energy values are changing based on the supplied voltage at room temperature.

Once the minimum and maximum energy levels are known, a linear space vector with 50 points between the
minimum and maximum energy level points is generated. The linear space vector, defines all levels which are
used for further simulation in the model. The number of points is selected based on running experiments with
different values and observation that above 50 for a small butterfly structures, the outcome result of the model
remains almost the same (the order of magnitude for the conductance does not change).

3.1.3 Density of states (DOS)

In the NEGF, open boundary conditions of the device are described in terms of contact self-energies. The
interaction of the drain and source contacts with the graphene surface are represent as two matrices with
different electrochemical potentials. The channel between the contacts maintains them in local equilibrium. The
two matrices in the model are described as Σ1 and Σ2. The distinction of source and drain contacts from the
gate allows to limit the explicit NEGF calculation only to the gate. This allows to reduce the computational
load of the model. The method used to calculate the contact self energy of each contact in the model is Sancho-
Rubio method, which is based on the assumption of semi-infinite, periodic leads. Σ1 and Σ2 are calculated using
equation 3.10. There are two contacts considered in the calculations namely left (drain) and right (source) which
for both of them the interaction with the graphene is described by the Hamiltonian block 1. The calculation is
repeated for all energy levels obtained in the previous step and the result is stored as a matrix representation
for each of the contacts. The gn−1 is the result of the NEGF, which at the first iteration is set as a fixed very
small numerical value. Typically, the Sancho-Rubio method for one contact and energy level should take no
more than 40 iterations.

ΣN = Hn,n−1gn−1, Hn−1,n (3.10)

By using the result of the contact self energy for both contacts, the NEGF can be solved by considering each
sector of the device and each energy level. The result is based on equation 3.11

GR(E) = (EI −H − Σ1 − Σ2)−1 (3.11)

The energy E is a matrix which size is determined by the number of energy level points and the length of
the GNR. This matrix represent the slab for each energy point and it is calculated using the equation 3.12.

Ei,k = El(i) − Ui + Ec1 (3.12)
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where index i is used to keep track of the current energy level point and k is the current simulated column of
the GNR. The calculation repeats until all energy levels and the full length of the GNR is covered. The voltage
point U is a vector with length equal to the length of the GNR and initially all values of the vector are set to
1e−6. The energy Ec1 is a single value point derived from the eigenvalues of the Hamiltonian matrix.

Once the NEGF matrix is known the transmission function T(E) can be found using equation 3.13. The
transmission function shows the rate at which electrons are transmitted from the source to the drain contacts
by propagating trough the device.

T (E) = Trace(Γ1GRΓ2G
−1
R ) (3.13)

where Γ1,2 = i(Σ1,2 − Σ−11,2)

Another usage of the NEGF is finding the electrons and holes distribution trough the graphene surface. For
this purpose the diagonal values of the NEGF matrix are used and adapted in equation 3.15 and 3.14

rhop =
GRdiag

2π
+ (1− f1(E)) ∗ step (3.14)

rhon =
GRdiag

2π
+ f1(E) ∗ step (3.15)

where the step is the difference between each of two levels ( E2 - E1). The total number of electrons and
holes are then recalculated and used later on in the calculation of the charge potential in Poisson equation. The
Poisson equation is discussed in the next section.

Ptotal(E) = Ptotal(E) + rhop (3.16)

Ntotal(E) = Ntotal(E) + rhon (3.17)

Initially, the electrons Ptotal and holes Ntotal are set to 0 and after each iteration of the model their values are
updated. The updating of the certain element of the vectors depends on the difference between current energy
point E and the voltage of each column from the surface Uj . If the result of this subtraction is larger than 0,
the value of Ntotal is updated (equation 3.17). Otherwise, the element of Ntotal remains unchanged and Ptotal is
updated using equation 3.16.

3.1.4 Charge density through the graphene surface

The charge density represent the potential U through the graphene surface by considering the whole device as
a stack including the back-gate voltage, substrate (SiO2/Si) and top gates [8]. An example device is shown in
figure 3.11
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Figure 3.11: Full stack device representation of all layers (adapted from [8])

For this purpose, 3D POISSON calculation is performed, which accounts for the electron to electron inter-
actions through an applied potential. The dimension description of the materials used in the calculation are
a standard 300 nm SiO2/Si insulator, one layer GNR with thickness of one atom and the top gate contacts
realised as Cr/Au electrodes. The potential is calculated for each column of the GNR and the outcome result
is used in equation 3.12. The calculation of the model repeats from equation 3.10 until the difference of the
absolute value of the new voltage point and the old potential is larger than 30e−3. Otherwise, it is assumed that
the model has converged and the channel current can be derived based on the Landauer formula from equation
3.18.[12]

I(V ) =
q

h

∫ ∞
−∞

T (E) ∗ (φ1(E − µ1)− φ1(E − µ2)) (3.18)

where µ1,2 are the source and drain Fermi energy and φ1(E) denotes the Fermi-Dirac distribution function
calculated from equation 3.9.

Finally, when current is known the overall conductance of the GNR can be derived using equation 3.19.

G =
I

Vdd − Vs
(3.19)

3.2 Results

This section presents the outcome results of the simulation model and investigate the potential of using GNRs
as building blocks for graphene-based Boolean logic gates.

A design space exploration (DSE) is performed in order to match the dimensions of the shape and desired
Boolean logic transfer function obtained from the truth table, with the conductance changes when external
voltages are applied through the graphene surface (e.g gate voltages). An essential part for a device to be
considered as workable is to have ON

OFF ratio higher than 100 between each two states (e.g 0 or 1) [15]. For
each simulation the overall conductance of the graphene is mapped to the ON and OFF state, in which a high
conductance represents the switched on state and low conductance represents the off state of the device.

Each Boolean gate is designed using two complementary GNRs, namely pull-up which main purpose is to
perform the desired Boolean function and a pull-down that performs that inverse of the pull-up. The pull-down
(GNRdn) and pull-up (GNR-up) of a two gate device is visualised in figure 3.12 [9].
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Figure 3.12: GNR complementary two gate Boolean logic device (adapted from [9])

The output voltage of the devices is determined using equation 3.20.

Vout = Vdd ∗
Gup

Gdn +Gup
(3.20)

The source and the drain contacts are situated between a conduction channel with a zigzag edge orientation.
Depending on the desired logic one or two contacts are placed on the channel. From the DSE, five topologies
are identified and simulated for various sizes from 10 nm to 30 nm technology and mimic the behaviour of
OR,AND,NOR,INVERTER and BUFFER. The technology size shows the smallest part in the structure.

In figure 3.13 are present the butterfly dimension abbreviation used to described the sizes of the channel,
source and the drain parts from the GNR structure. This abbreviation will be used later on in the tables to
describe the simulated structures. All models are simulated with an angle of 60° from the source/drain to the
gate. This angle is chosen because it shows the best results, as the flow of electrons is focused trough the channel.

Figure 3.13: GNR dimension description in nm
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As in the simulation model the dimension of the source and drain are equally set their width will be noted
as W as shown in equation 3.21. Later on, both widths will be evaluated in the characterisation process of the
fabricated structures.

W = WLS = WRS (3.21)

3.2.1 GNR simulation for 10 nm technology

The dimensions of the structure are presented in nm in table 3.1 which includes the width, length of the GNR
butterfly, the width and the length of the channel and the overlap of the top gate contacts (channel contacts,
drain and source).

Table 3.1: GNR complementary Boolean gates simulation parameters for 10 nm technology

Structure
№

W
(nm)

L
(nm)

Lc
(nm)

Wc
(nm)

Ledge

(nm)
Langle

(nm)

Channel
Contact
(nm)

Drain/Source
Contact
(nm)

#1 25 41 10 10 11.17 4.33 5 5
#2 31 48 14 10 12.938 6.062 5 5
#3 41 75 30 10 13.551 8.949 5 5
#4 31 65 23 10 21.438 6.062 5 5

Figure 3.14 shows the conductance changes when external voltage is supplied to the gate. For obtaining the
results of both structure the Vdd was set to 3V and gate channel voltage is changed from 0 to 3V. It can be
seen from the graph that the structure #1 shows a conductance change that can be mapped to behaviour of
inverter. Simulation model shows that when the gate voltage is close to 0V the GNR have high conductivity
and the opposite occur when the gate voltage is set to Vdd. Structure #2 have the inverse logic compared to
structure #1 in which the conductivity of the graphene surface is low when the channel have voltage equal to
Vdd. Combining both structures they can be used as a pull up network (structure #1) and pull down network
(structure #2) and form an inverter Boolean logic.

Figure 3.14: Conductance change for different channel voltage levels for structure #1 and #2
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The conductance of each carbon atom from the graphene zigzag nano-ribbon structure is mapped to the
number of simulated energy levels. The graph of structure #1 and #2 for every gate voltage simulated is
visualised in figure 3.15. It can be noted, that for structure #2 the conductance ratio is below 100, which is
due to the fact that the conductance distribution is close to 0 in the positive energy level points. The ratio is
also affected of the region after -0.8 eV where structure #2 shows regions of the graphene nano-ribbon with high
conductance. In structure #1 the ratio for ON and OFF state is above 100, which can be observed from the
figure that when Vdd is supplied to the gate all regions of the graphene surface conduct.

Figure 3.15: Energy level conductance distribution of GNR for structure #1 and #2

Figure 3.16 present the result of the conductance change for structure #3 from the table. For this structure
the channel consist of two contacts, where each contact is with length of 5 nm. In addition, the contacts are
separated with 10 nm distance from each other and 5 nm distance is left between the slope of the source/drain
to the contact.

Figure 3.16: Conductance change for different channel voltage levels for structure #3

34



It can be seen from the energy level conductance distribution in figure 3.17, that when no voltage is applied
to the channel contacts, the GNR have an area with conductance close to 0 and for other voltage combinations
conductivity in graphene is always observed. This can be mapped to the conductance change from (3.16) where
the zero voltages on the channel represent the OFF state of the device and all the rest can be considered as ON
state. The behaviour of this structure can be considered as the up network of OR gate.

Figure 3.17: Energy level conductance distribution of GNR for structure #3

The opposite conductance change is observed for structure #4. By making the length of the channel and
the total length of the structure smaller, the opposite conductance map is obtained. The conductance change
is shown in figure 3.18. For this structure the contacts on the channel are kept on 5 nm, however the distance
between each contact is reduced to 3nm.

Figure 3.18: Conductance change for different channel voltage levels for structure #4
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From the energy level conductance distribution in figure 3.19 we can see that the band-gap does not exist
when the gate voltages are set to 0.

Figure 3.19: Energy level conductance distribution of GNR for structure #4

As mentioned earlier, for complementary logic design the pull up network mimic the behaviour of the desired
logic, while the pull down network have the inverse function. Keeping that in mind, the four simulated structures
can be used to create different devices. Structure #1 and #2 can be used as an inverter, but switching the way
they are connected, the same structures can be used for creating inverter. The same applies for structure #3
and #4, where if #3 is connected as pull up network and #4 as pull down it forms an OR gate, while the opposite
connection can be used to create NOR gate.

3.2.2 GNR simulation for 30nm technology

Another simulation of structures is performed for devices that can be realised in 30 nm technology. The simulated
butterfly shapes are summarised in table 3.2

Table 3.2: GNR complementary Boolean gates simulation parameters for 30 nm technology

Structure
№

W
(nm)

L
(nm)

Lc
(nm)

Wc
(nm)

Ledge

(nm)
Langle

(nm)

Channel
Contact
(nm)

Drain/Source
Contact
(nm)

#1 65 110 30 30 30 10 25 5
#2 82 124 34 30 30 15 30 5
#3 70 240 90 30 65 10 30 5
#4 66 232 90 30 61 10 30 5

The conductance difference for the first two structures of the table is visualised in figure 3.20. For the
simulation, the Vdd is set to 5V and the gate voltage is changed from zero to Vdd. Compared to the simulations
from the 10 nm that shows the same behaviour, it can be seen that the down network shows higher conductance
ratio. Combining structure #1 and #2 as pull up and pull down network they can be used to create inverter
logic. Moreover, reversing the connection for both structure they can be used as a buffer.
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Figure 3.20: Conductance change for different channel voltage levels for structure #1 and #2

The result for structures #3 and #4 from the table that have 30 nm channel width are shown in figure 3.21
and in figure 3.22. The Vdd is set to 5V and the gate voltages are changed from zero to 5V. Each logic output
from the truth table of the device is simulated individually. For this set of simulations is also observed that the
ratio between the ON and OFF state is larger, compared to the simulations performed in 10 nm. By changing
the connection of both structures it can be derived either OR or NOR Boolean logic device.

Figure 3.21: Conductance change for different channel
voltage levels for structure #3

Figure 3.22: Conductance change for different channel
voltage levels for structure #4

For all simulations performed in 30 nm technology can be noted that the obtained results are generated by
applying higher voltages compared to the 10 nm. This is due to the fact that with 3V and the same dimensions
of the structures, the behaviour of the devices was not observed. It should also be considered that the energy
levels was reduced to 10 which can lead to an error in the final result. They are reduced, because of the very large
number of atoms that slows down the computation of the model. Attempts were made to simulate a structure
with the same number of energy levels as in the previous simulation, but for one week of run time it had finished
only half of the computation for the first voltage point.
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The back-gate voltage (Vbg) in all simulations was set to 0V, because a larger voltage will decrease the band
gap of the graphene. By decreasing the band-gap there will be higher area with a conductance close to zero in
the energy band structure from which the ratio between ON and OFF state will degrade.
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Chapter 4

Design and fabrication

The aim of this chapter is to present a detailed explanation of the created designs for the first and second batch
of samples. The design has been created using AutoCAD 2018. In addition, the fabrication steps of the samples
are described. Electron beam lithography is chosen as a patterning method due to it’s advantages over optical
lithography as described in the background information. Oxygen plasma was used to etch the exposed areas
and remove the unnecessary graphene from the first batch of samples. From the second batch of samples, one
of the substrates was etched using oxygen plasma, while the rest of the samples was used to test the etch rates
of hydrogen plasma. In Chapter 5 the analysis of the patterned samples will be described.

4.1 Design of the butterfly structures used for the first batch of sam-

ples

The initial design of the samples is visualised in figure 4.1a. The design of the substrate has contact pads (Au)
with dimensions starting from 20x20 µm2 up to 200x200 µm2. The purpose of these contact pads is to expose
the contacts of the created internal structures. The distance between two of the contact pads with dimensions
of 200x200 µm2 is 100 µm. Three additional Au pads are placed at two of the sides with dimension of 140x200
µm2. The orientation of the chip showed in figure 4.1a is used as a reference to the external company that
transferred the graphene grains to the SiO2 samples. The zigzag edges are requested in vertical direction, while
the armchair edges are supposed to be located in horizontal direction.

Markers are placed in the inner part of the substrate between the contact pads in form of a matrix. The
distance between each of the two markers is 140 µm. Each marker is created with a different shape that represent
a specific spot on the chip. An example of a marker design is shown in figure 4.1b. In total, the matrix formed
by the markers contains 14 rows and 14 columns. One element of the matrix will be considered as a cell. The
Au contact pads and the markers was already placed on the samples beforehand.
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(a) Full overview of the initial design including the lo-
cation of the Au contacts (red and yellow squares),
markers ( the light blue dots) and selection of the chip
orientation

(b) Example of one of the markers. The markers are
spread across the internal part of the chip with a dis-
tance between each marker of 100 µm.

Figure 4.1: Initial Autocad design of the substrate

The first 4 rows between the markers of the top part of the chip are used to create the intended design. The
full overview of design is visualised in figure 4.2.

Figure 4.2: Full chip design view of the Si/SiO2 substrate with included connection between the contacts, four
probe connection at each edge of the chip and squares at the first 4 rows of the chip.

The design of the butterfly structures are created in a square with dimensions of 10x10 µm2. Each cell
consists of 25 squares which are visualised in figure 4.3a. The distance between two squares is 3 µm. This
number of squares is chosen for each cell in order to repeat the patterns. For complementary logic gates two
structures are used in order to create the pull up and the pull down network. Therefore, each device is created
as a pair of two structures with a distance between them of 3 µm. The small distance between the two patterns
in each square is created for easier characterisation of the samples. The position of the butterflies and the
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dimensions from the sides of the square are shown in figure 4.3b

(a) 5x5 matrix of squares that represent
one cell from the created grid of the de-
vice structures

(b) Design of complementary logic gate
using two butterfly patterns. The dimen-
sions are present in µm

Figure 4.3: Square design and position of the butterfly structures

As previously mentioned in section 3.2, by modifying the dimensions of the butterfly patterns, different
logic can be obtained. The chosen dimensions of the structures are taken from the simulation results of the
butterflies with 30 nm channel width. The designed patterns are shown in figure 4.4a and 4.4b for by changing
their connection as pull-up or pull-down network inverter or buffer logic can be obtained as we have observed
from the simulation model results in section 3.2.2. Similarly, the created patterns visualised in figure 4.4c and
4.4d can be used to in order to create OR or NOR complementary logic gates. The dimensions of the designed
patterns are summarised in table 3.2.

(a) Structure design of a pull up device for in-
verter gate and pull down device for buffer gate

(b) Structure design of a pull down device for
inverter gate and pull up device for buffer gate

(c) Structure design of a pull up device for OR
gate and pull down device for NOR gate

(d) Structure design of a pull down device for
OR gate and pull up device for NOR gate

Figure 4.4: Designed butterfly structures that can be used for complementary logic device
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In addition to the 30 nm structures, butterflies with larger channel dimensions are included to the design.
The butterflies are visualised in figure 4.5 and the dimensions are summarised in table 4.1.

Figure 4.5: Design of additional patterns included to the first batch of substrates with different channel dimen-
sions from 50 nm to 200 nm

Table 4.1: Dimensions of the additional patterns included to the first batch of substrates.

Structure
№ W (nm) L (nm) Lc (nm) Wc (nm) Langle (°)

#1 100 250 50 50 30
#2 200 500 100 100 30
#3 300 750 150 150 30
#4 400 1000 200 200 30

The layout and the position of the structures on the chip is presented in figure 4.6. The design of the butterfly
patterns are created horizontally in the same direction as the requested edge orientation in order to match the
zigzag edges with the direction of the current flowing through the butterfly. This is necessary to obtain the
desired electronic properties. In addition, since the graphene is poly-crystalline, the structures are rotated with
± 1° up to 5° compared to the initial butterfly design. In case that the channel edges differs from zigzag, the
electronic properties of the device will be degraded and it is even possible that it does not show the expected
behaviour. Thus, the patterns are rotated in order to obtain a butterfly structures that are very closely to the
preferred zigzag edge orientation.

43



Figure 4.6: Overview of different pattern included to the design and their position on the substrate in respect
with the surrounding contact pads at the top right part of the substrate. Acronyms are used in the figure for
clockwise (CW) and anti-clockwise (ACW).

Finally, as a requirement for placing contacts on the created structures from this design is that the distance
between two patterns should be at least 100 µm. This condition can be satisfied in case that, the pattern for
the pull up network is used from the first row (INVERTER) or third row (NOR gate) and the pattern for the
pull down network is connected from the second row (INVERTER) or fourth row (NOR gate) respectively.

4.2 Design of additional structures used for the second batch of sam-

ples

Another design was made which was used for second batch of fabrication. The design focuses on structures with
micron meter sizes. The created patterns in this design are used to study and compare the edge termination of
oxygen and hydrogen plasma etching. As in the previous design, the intended patterns was included at the top
part of the substrate as visualised in figure 4.7.

Figure 4.7: Full overview of the substrate and the square position for the second created design
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Between the 200x200 µm Au pads butterflies with channel dimensions of 1, 3, 7, 15 and 20 µm are included
in order to perform two contact probe electrical measurements.

The design of the patterns for the second batch is shown in figure 4.7. The created squares, pentagons and
hexagons are rotated with ± 1° step up to ± 4° in respect to the initial structure design. The reason behind is
that if the all structures are patterned within the same grain, the rotation would help to identify the angle at
which the edge orientation is equal to the preferred one. Butterfly structures with channel width and length of
200 nm are included in order to compare the result with the scans performed from the first batch. In addition,
butterflies with slope of 60° are included for the butterflies with minimal feature size of 200 nm.

Figure 4.8: Design patterns included for the second fabrication batch. For each design of the squares, pentagons
and hexagons are rotated with ±1 °between each pattern up to ±4 °. Each side of the presented structures is 5
µm, except the butterflies for which the channel dimensions are 200 nm or 1 µm.

Figure 4.9 presents the layout of the top part of the substrate and the position of the included patterns. The
squares, pentagons and hexagons patterns are duplicated across the top part of the substrate with a change in
their dimensions from 1 µm up to 10 µm.
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Figure 4.9: Overview of different pattern included to the design and their position on the substrate in respect
with the surrounding contact pads at the top right part of the substrate

4.2.1 Patterns included in both designs

In both designs, a four contact connection between the 20x20 µm yellow contacts that are located at the edges
of the substrate is included. The square created in the middle between each edge is 10 µm. The connection
is visualised in figure 4.10. The blue square on one of the edges of the square shows the area used to perform
Raman mapping (figure 5.13).

Figure 4.10: 20x20 um Au contact pads (yellow) connected to square. The light blue square at the bottom left
edge is used to visualise the area on which Raman measurements are taken.

4.3 Transferring mono layer graphene to the desired substrate

For this project CVD growth graphene is used, which was provided from a commercial supplier. After growing
mono layer graphene, it is necessary to be transferred from the growth substrate to the desired substrate for
further patterning without damaging the honeycomb graphene structure or the substrate itself. The chosen
substrate for transferring is a SiO2/Si with active area of 3x3 mm. The thickness of the SiO2 is 285 nm. The
transfer process of the mono layer graphene was performed by ANL at TU Delft. Unfortunately, the process is

46



a company secret and details regarding the method used for transferring or the quality of the grains was not
provided.

4.4 Fabrication steps of the design

The fabrication of the design on the substrate consists of five steps which were all carried in the clean room
of Kavli Institute of Nanoscience. The fabrication of the chips was conducted entirely by a PhD student from
Applied Physics department.

First, the substrate was spin coated with a positive resist (PMMA). Another option for spin coating is negative
resist which is usually HSQ. However, previous experiments shows that using negative resist the created patterns
have worse results compared to the ones with positive resist. The type of the positive resist used in this project
is PMMA 950k A3, spin coated on the substrate at 4000 rpm. The thickness of the resist is approximately 120
nm. Secondly, the 10x10 micron squares were patterned. This was used as initial patterning for rough removal
of the rest of the area which does not include any nano ribbon structures.

Third, the nanoribbons were patterned using Electron Beam Pattern Generator operating at 100kV which
provides approximately the same energy per electron (100 keV). The wavelength of the electrons for this energy
is 0.37 nm. The electron beam size was set to 5 nm, but the beam size which interacts with the substrate is
estimated to vary from 3.3 up to 16.8 nm. The dose setting is an important parameter which determines the
number of electrons that are delivered to the sample. The higher the dose is set, more electrons are delivered,
while low doses cause low amount of electrons to be delivered. The dose setting varies from the type of the resist
used on the sample and usually the optimal point is determined experimentally. For positive resist, the dose was
set to 2000 uC

cm2 with enabled proximity error correction. Next, the exposed areas are developed using 1:3 ratio
of Methyl isobutyl ketone (MIBK) and Isopropyl alcohol (IPA) for 30 seconds.

Finally, the exposed parts were etched with pure oxygen plasma (O2) for 30 seconds using Sentech Etchlab
300 ‘F2’. The settings used during the etch process were 100V constant bias voltage and constant pressure of
20 µbars. The measured power during etching was 21W. This step was performed only on the first batch of
samples and on one of the samples from the samples of the second batch.

To verify the correctness of the settings from each step, the design was exposed to a blank SiO2/Si sample
and SEM characterisation was performed after the fabrication. The result of the analysis is discussed in the
next section.

4.4.1 Dose test on silicon dioxide/Silicon substrate

The dose test on a blank substrate is used to verify the correctness of the settings used for each of the fabrication
steps. Due to the mono atomic thinness, low amount of charge carriers and high conductivity of mono layer
graphene, the patterning of graphene versus no-graphene substrate can be assumed that has very little difference.
After exposing the design, developing and etching with oxygen plasma a characterisation of the resist patterns
was performed using scanning electron microscopy (SEM). The characterisation with the SEM was used in order
to evaluate the impact of the pattern sizes. In figure 4.11 are visualised the patterned initial 10x10 micron
squares and butterfly patterns with smallest dimensions for the channel from 30 nm (figure 4.11b) to 200 nm
(figure 4.11c). The butterfly slope for the larger patterns above 50 nm was set to 30 degrees in order to test
different angles than the one used in the 30 nm structures for which 60 degree slopes are set. The requested 30
nm butterflies are visualised in figure 4.11b.
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(a) Patterned 10x10 micron squares on the substrate

(b) Patterned graphene nano ribbon butterflies with chan-
nel length of 30 nm

(c) Patterned butterflies with channel length of 50 to 200
nm

Figure 4.11: SEM images taken from the blank SiO2/Si of pattern design model

High resolution images were taken on individual structures. The characterisation of different butterfly pat-
terns are visualised in figure 4.12 and the dimensions are summarised in table 4.2.

Table 4.2: Dimension difference between the intended and fabricated patterns on a blank substrate

Design
№

Design Width
nm

Design Length
nm

Real Width
nm

Real Length
nm

#1 110 30.00 106.21 22.84
#2 110 30.00 104.60 36.10
#3 150 50.00 199.84 40.97
#4 300 100.00 315.52 78.24
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(a) Butterfly pattern #1 (b) Butterfly pattern #2

(c) Butterfly pattern #3 (d) Butterfly pattern #4

Figure 4.12: High resolution SEM images taken from the blank SiO2/Si of pattern design model

Overall, using the settings for each fabrication step described in section 4.4 and the performed characterisation
using SEM, shows promising results for patterning structures below 50 nm. Therefore, the same settings were
used for patterning the mono layer graphene substrate with the design of the first batch of samples. The only
difference in the settings for the graphene sample was that the developing time was increased to 60 seconds,
due to observed errors from the analysis of the blank substrate. For the second batch the dose test was not
performed as the patterns are created in micron meter size and the beam exposure for this type of patterns is
quite robust. In addition, one sample from the second batch was etched using oxygen plasma, while the rest of
the samples was only patterned and developed in order to test the etching rate and quality of hydrogen plasma.
The performed experiments of hydrogen plasma etching are described in section 5.5.
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Chapter 5

Characterisation of the samples

The aim of this chapter is to present a detailed explanation of the obtained results from the performed experi-
ments. First, analysis of the samples after the transfer process using Raman spectroscopy is described. Second,
the patterned samples form the first batch that are etched with oxygen plasma are analysed using AFM and
Raman spectroscopy. Third, a cleaning procedure is described and applied on the samples. This is followed
by further inspection using AFM and Raman. Next, characterisation using AFM and Raman spectroscopy is
performed on the second batch of samples. Furthermore, test of etching with hydrogen plasma on exfoliated
is described and applied to the rest of the not etched samples from the second batch. The characterisation
of the hydrogen plasma etched sample is performed in the similar way to the other samples using AFM and
Raman. Finally, electrical measurements are taken from one of the oxygen plasma etched sample from which
the transport characteristics and carrier mobility are obtained.

5.1 Analysis of the graphene after transferring on the substrates

The first step, before the fabrication process was to evaluate the graphene after the transfer process and to get
an idea of the potential damages introduced to it. For this purpose, Raman spectroscopy was performed on
different places on two of the transferred substrates. As it was mentioned in section 2.4.1, Raman spectroscopy
is a powerful method for analysing graphene, which can be used not only to get information about whether
mono- or multi-layer graphene is transferred, but also by looking at the three main graphene peaks (D, G, 2D)
the physical quantities of the graphene can be determined. This quantities include, stress/strains, damages in
the sp2 bonded carbon structure and defects introduced from contamination of the sample.

Two different areas were selected at which later on the nano-ribbon structures will be patterned. The
dimensions of the selected area for the performed experiments are 11x11 µm2 for the first substrate and 15x15
µm2 for the second one. In addition, experiment for determining the edge termination of the graphene grains
was performed on the second substrate. The result of this experiment is described in Appendix B.

For every Raman measurement described in the report the scan is performed using raster method. The raster
method starts from the first row of the selected area and performs measurements until the end of it. Once the
row is complete, it moves to the next row and the scan is performed again until the last cell of the row. This
process is repeat until all rows are scanned. The Raman measurements are taken on Renishaw Invia Reflex
Raman Spectroscopy using green laser with 514 nm wavelength. In addition, the gathered data from all Raman
experiments is fitted using Lorenzian function. The D and 2D peak are fitted with respect to the G peak.
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5.1.1 Raman spectroscopy measurements of 11 x 11 micron area with 1 micron
step size

The Raman maps described in this section are created using fourth polynomial fitting curve, as it was observed
that first polynomial fitting is not able to accurately detect the peak position, when tilt in the signal is present.
The analysis from the first polynomial fitting is described in Appendix A.

The generated graphs using the fourth polynomial fitting curve are showed in figure 5.1. It can be seen
from figure 5.1a that the ID/G ratio for most of the scanned area is in the range of 0.1 to 0.15. A small area
of the substrate is observed to have higher ratio up to 0.25, which suggests that this area of the chip is highly
defective. From the spectral width of the 2D band a raise to 53 cm−1 is observed in the same area that shows
high defects, which could suggest a locally formed bi-layer graphene. Nevertheless, I2D/G ratio as visualised
in figure 5.1b for the defective area does not suggest values that can be related to bi-layer graphene. Bi-layer
graphene is expected to have value I2D/G ratio lower than the one measured for mono layer graphene, in the
range of 0.6 to 1. Instead, a raise of the ratio to approximately 4 is observed that could mean that graphene
is highly strained. In addition from the spectral width of the G band showed in figure 5.1d, can be seen that
the distribution is almost homogeneous around 13,5 cm−1, whit exception of small area of 6x2 µm that shows a
raise up to 19 cm−1. This could suggest that in-homogeneous doping occurs. At approximately the same area,
the width of the D band also shows a raise between 15 and 18 cm−1, which could be related to the wider G peak
and support that graphene is either doped or stressed as mentioned in the theoretical survey for the graphene
peaks in section 2.4.1. The most likely reason from both is that the graphene is stressed.

From the analysis of 11x11 µm2 of the substrate, it is observed that, disorders to the graphene are packed
into blocks closed to each other. This could suggest that defects are not randomly distributed across the chip,
but rather locally to a specific areas of the chip.
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(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "2D" peak (d) Raman map for FWHM of the "G" peak

(e) Raman map for FWHM of the "D" peak

Figure 5.1: Raman intensity maps using of mono layer graphene and their ratios respectively using fourth
polynomial curve fitting. The wavelength of the Raman green laser is 514 nm, with spatial resolution of 1 µm.
The scanned area is 11x11 µm2 with a step size between each measurement of 1 µm.
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5.1.2 Raman spectroscopy measurements of 15 x 15 micron area with 1 micron
step size

Another experiment is performed on a different area on the same substrate. The selected region for the measure-
ments was set to 15x15 micron with a step size between each measurement of 1 µm. The ID/G ratio is visualised
in figure 5.2a. Compared to the previous experiment, the analysis of the selected substrate area shows more
points for which the ID/G is higher than the set threshold for mono layer graphene. The introduced defects can
be related to a group of blocks which are close to each other and they are not randomly distributed as observed
from the previous experiment. The I2D/G ratio is visualised in figure 5.2b. For the measurement of the selected
area, almost all blocks shows ratios in the range of 1,6 to 1,9. A lower ratio is observed only in a few randomly
distributed blocks, which could suggest that at this spots graphene is weakly interacting with the substrate. The
FWHM of the 2D peak is visualised in figure 5.2c. The analysis shows that all of the measurements are within
the range of 27.5 ± 3.8 cm−1 except one which is most likely caused due strains in the graphene.

(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "2D" peak

Figure 5.2: Raman intensity maps of mono layer graphene bands and their ratios respectively. The wavelength
of the Raman green laser is 514 nm, with spatial resolution of 1 µm. The scanned area is 15x15 µm2 with a step
size between each measurement of 1 µm.

From the performed Raman mappings on two different substrates with areas of 11x11 µm2 and 15x15 µm2

it can be derived that defects are indeed introduced on the graphene either from distortions of the lattice or left
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contamination from the transfer resist.

5.2 Analysis of the oxygen plasma etched from the first batch of sam-

ples before removing the remaining resits

This section shows the result from the characterisation of the substrate after the fabrication process was complete
and before removing the remaining resist of the substrate. This step is performed in order to understand how
the patterns are formed and to get an idea for the dimensions of the structures.

The images are taken using a scanning frequency range of 0.20 to 0.80 Hz, where the lower frequency allows
for higher resolution images. The resolution also depends from the number of steps per line, which for the set of
experiments varies from 128 to 512 pixels. The force at which the tip interacts with the sample is determined by
the set point and the feedback gain. Usually the set point is 75 % of the resonance peak, while the feedback gain
can varies between 0.1 to 0.5. By lowering the set point the tip interacts with the substrate with more applied
force, which might generate noise in the retrieved data. On the other hand, higher feedback gain results in a
faster recovery of the force after a step has been encountered, which can also contribute to unwanted features
in the image. Therefore, an optimal parameter between the set point and the feedback gain needs to be found
in order to obtain a good quality image.

The typical signal when the tip is interacting with the substrate should look as shown in figure 5.3. When
the feedback is switching on, the tip should drop down to the substrate and generate a single peak of attractive
force. This peak is considered as a mode where the tip is in contact with the surface. After the occurring of the
peak the signal should normalise to the level of the resonance set point and remain without noise. The level of
the peak value is determined by the feedback force set point. [1]

Figure 5.3: Typical AFM tip interaction with the substrate surface (adapted from [1])

As the thickness of the resist is expected to be approximately 120 nm, the free resonance peak value is set to
be between 16 to 17 nA, the feedback gain is changed during run-time from 0.1 to 0.3 and the set point of the
resonance was changed from 10 to 13.5 nA, based on the scanned surface, the chosen frequency and the number
of steps of each scanned line in the image.

In figure 5.4 are visualised the patterns of the butterflies with the smallest intended dimension of 30 nm.
Unfortunately from the analysis it can be seen that the intended ribbons for the Buffer (5.4b) and Inverter (5.4a)
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with a channel width and length equal to 30 nm does not show a formation of a butterfly and the formed pattern
looks like a blob. On the other hand, the structures of the NOR (5.4c) and OR (5.4d) gates, shows a formation
of two blobs with a spacing between them, which from the taken AFM images appear to have no resist left and
it is likely that the graphene is etched away. For the 50 nm structures visualised in figure 5.4e and 5.4f is visible
that the slope to the channel is formed only at one of the sides of the butterfly.

(a) Resist formation of one of
the Inverter structures

(b) Resist formation of one of the Buffer
structures (c) Resist formation of one of the

NOR structures

(d) Resist formation of one of
the OR structures

(e) Resist formation of one of the 50 nm
patterns (f) Resist formation of one of

the 50 nm patterns

Figure 5.4: AFM images of butterfly ribbons with smallest intended dimension of 30 nm. The tip used for this
set of scan is 10 nm golden tip (NSG10)

The butterflies that were created in the design with smallest dimension of 100 nm have visible formation on
the substrate after the fabrication process. The AFM images of each butterfly are visualised in figure 5.5. The
dimensions of the butterflies were taken by performing profile measurements using Gwyddion software and the
results are summarised in table 5.1.

It can be seen that all of the fabricated butterflies are much bigger than the ones intended on the first place
with a dimension error varying from 5 % for the 200 nm patterns to up to 40 % for the intended 150 nm patterns
and below. The angle variation also differs for each of the butterfly slopes from 30 to 48°. From the analysis of
the data it is visible that the angle error decreases when the size of the butterfly increase. The AFM images of
the structures, suggest that the exposure is not uniform for the patterns with same dimensions for butterflies
below 150 nm channel.

Table 5.1: Dimension difference between the intended and fabricated butterflies

Design
№

Design
Width (WLS)

nm

Design
Width (Wc)

nm

Design
Width (WRS)

nm

Design
angle
(°)

Real Width
(WLS)
nm

Real Width
(Wc)
nm

Real Width
(WRS)
nm

Real
angle
(° )

#1 250 100 250 30 365 250 351 30-48
#2 300 150 300 30 324 281 315 31-39
#3 300 150 300 30 451 400 444 32-43
#4 400 200 400 30 435 268 437 30-36

Note: WLS represent the left side of the butterfly, WRS - the right side of the butterfly and Wc is the channel. All dimension
notations can be seen in figure 3.13.

55



(a) Resist formation of one of the 100 nm but-
terfly patterns (design #1)

(b) Resist formation of one of the 150 nm but-
terfly patterns (design #2)

(c) Resist formation of one of the 150 nm
butterfly patterns (design #3)

(d) Resist formation of one of the 200 nm butterfly patterns
(design #4)

Figure 5.5: AFM images of the butterfly ribbons with intended channel dimension from 100 to 200 nm. The tip
used for this set of scan is 10 nm golden tip (NSG10).

The measured dimensions of the butterfly structures is larger than the one intended in the design by up to 50
% difference. Dimension differences can be caused either from the tip which gets contaminated when interacting
with the PMMA resist or from the tip shape and its interaction with the much higher thickness patterns. It
was experimentally observed that a "shadow" effect occurs around the pattern due to interactions between the
edges of the pyramidal, quadrilateral or tetrahedral tip with the side walls of the pattern. [3]. Nevertheless,
the shape of the tip does not affect the height profile of the patterns. Their result suggest that only sharp tips
with high aspect ratio, large titled angles and excellent circular symmetry tips such as CNT tips or whisker tips
shows artifact-free topography. Diamond whisker tips were available with a very sharp tip of 1 to 3 nm, but due
to the high thickness variation between the patterns and the sample, they were not tested.

Analysis on one of the butterflies with intended channel of 100 nm is performed, by changing the plot
visualisation to zones. The obtained images are visualised in figure 5.6. It can be seen that that most likely
the "shadow" effect is in place around the butterfly where the thickness is gradually decreasing. The highest
thickness area between 90 and 98 nm is probably the real dimension of the patterned butterfly, which shows a
channel length of 106 nm and width of 98 nm.
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Figure 5.6: Analysis of the tip convolution for butterfly (#1) pattern with 100 nm intended channel by design.

In order to obtain more accurate dimensions of the patterned butterflies, a further analysis after cleaning the
sample from the remaining resist is required with a not contaminated tip and smaller tip size. Raman maps are
taken on the butterflies with channel dimensions of 50 nm to 200 nm and the results are described in appendix
C.

5.3 Analysis of the oxygen plasma etched from the first batch of sam-

ples after cleaning the substrate

To remove the remaining resist the sample was left to soak in acetone, followed by rinse with IPA for 1 minute.
The IPA is used to remove the left residues from the acetone. The first attempt to clean the sample was made
for 10 minutes in acetone. After that, AFM images (figure 5.7a and 5.7b) were taken on some of the patterns to
evaluate the cleanliness of the sample. From the images it is observed that the sample was still quite dirty and
residues from the acetone and PMMA are still in place around and on the structures. Therefore, the sample was
left in acetone for 1 hour and AFM scans was performed again (figure 5.7c and 5.7d). In this set of images can
be seen that the sample looks cleaner in comparison to the first scan, but still there are left PMMA residues on
top of the graphene patterns and possible dust particles or visualised residues due to contamination of the tip.
Thus, the sample was soaked in acetone for 15 hours and the tip was replaced for the next AFM images. Raman
maps are taken on the same area as before cleaning the sample and the results are summarised in appendix D.
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(a) Butterfly pattern after 10 minutes removal in ace-
tone

(b) Butterfly pattern after 10 minutes removal in ace-
tone

(c) Butterfly pattern after 1h removal in acetone (d) Butterfly pattern after 1h removal in acetone

Figure 5.7: AFM images of butterfly patterns after removing the remaining resist with acetone for 10 minutes
and 1h respectively. After both cleanings the sample was soaked for 1 minute in IPA and blow dried with air.
The tip used for this set of scan is 10-15 nm golden tip.

The scanned butterflies after cleaning the sample with acetone for 15 hour are shown in figure 5.8. It can
be seen, that the sample looks much more cleaner than the previous experiments, but still there are residues
left of the PMMA resist on top of the graphene patterns and also features of the tip interaction with the
surface. However from the collected images it is possible to retrieve the real dimensions of the structures. This is
summarised in table 5.2. From the measurements it can be derived, that after removing the resist the dimensions
of the butterflies are much more accurate in comparison with the taken dimensions of the resist. This suggest
that the dimension error of the previous scans is likely due to tip convolution with the edges of the resist pattern.
From the table it can be seen that the error rate of the width and length and the slope angle for structures with
smallest feature size larger than 150 nm is less than 5 %. On the other hand, structures that have channel length
smaller than 150 nm, the width and length shows similar error rates, but the slope angle variation increase to
up to 10°. This can be also seen in figure 5.8c and 5.8d where the slopes from each side of the butterfly are not
uniform.
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Table 5.2: Dimensions derived from AFM images of the graphene butterfly structures after removing the resist
with acetone for 15 hours

Butterfly
№

D_width
(WLS)
nm

D_width
(Wc)
nm

D_width
(WRS)
nm

D_angle
(°)

Real Width
(WLS)
nm

Real Width
(Wc)
nm

Real Length
(Lc)
nm

Real Width
(WRS)
nm

Real
angle
(°)

#1 400 200 400 30 390 195 197 392 30-32
#2 300 150 300 30 291 130 138 291 29-31
#3 200 100 200 30 186 85 99 191 30-39
#4 100 50 100 30 92 46 54 87 34-38

Note: The slope angle described in the table represents the minimum and maximum measured value of all slopes for the butterfly
using Gwyddion. All dimension notations can be seen in figure 3.13.

(a) Butterfly pattern (#1) with 200 nm in-
tended channel (b) Butterfly pattern (#2) with 150 nm intended channel

(c) Butterfly pattern (#4) with 50 nm in-
tended channel

(d) Butterfly pattern (#3) with 100 nm intended chan-
nel

Figure 5.8: AFM images of butterfly patterns after removing the remaining resist with acetone for 15 hours
followed by 1 minute in IPA and blow dry with air. The tip used for this set of scan is 8-10 nm golden tip.

In addition, SEM images are taken on the butterflies with intended channel dimensions of 50 nm to 200 nm.
The SEM images of the patterns are visualised in figure 5.9 and their dimensions are summarised in table 5.3.
The images that are obtained with SEM are not on the same butterflies as the ones taken during the AFM
scan. The measured widths and lengths of the source, channel and drain are smaller than the ones taken from
the AFM for the structures in sub 150nm. For device #1 the channel dimensions are measured to be closer to
the ones intended by design. In addition, the angle variation of measured slopes for each butterfly have smaller
variations in the range of 3 to 5°. The channel width of the smallest structure (#4) is measured to be 27 nm,
which is almost twice as smaller to the width taken from the AFM (46 nm). Nevertheless, it can be seen that
the shape of the butterflies for 50 nm, 100 nm and 150 nm differs from the ones imaged with AFM. This suggest
that for this feature sizes the exposure with E-beam was not uniform and have larger variations.
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Table 5.3: Dimensions derived from SEM images of the graphene butterfly structures after removing the resist
with acetone for 15 hours

Butterfly
№

D_width
(WLS)
nm

D_width
(Wc)
nm

D_width
(WRS)
nm

D_angle
(°)

Real Width
(WLS)
nm

Real Width
(Wc)
nm

Real Length
(Lc)
nm

Real Width
(WRS)
nm

Real
angle
(°)

#1 400 200 400 30 386 197 193 384 31-34
#2 300 150 300 30 288 126 128 294 30-33
#3 200 100 200 30 183 79 102 188 29-34
#4 100 50 100 30 76 27 49 76 28-33

Note: The slope angle described in the table represents the minimum and maximum measured value of all slopes for the butterfly
using Gwyddion. All dimension notations can be seen in figure 3.13.

(a) Butterfly pattern (#1) with 200 nm intended chan-
nel

(b) Butterfly pattern (#2) with 150 nm intended chan-
nel

(c) Butterfly pattern (#4) with 50 nm intended chan-
nel

(d) Butterfly pattern (#3) with 100 nm intended chan-
nel

Figure 5.9: SEM images of butterfly patterns after removing the remaining resist with acetone for 15 hours
followed by 1 minute in IPA and blow dry with air.

So far for the AFM images a semi-contact mode was used. The equipment used for AFM scanning supports
also contact mode, which was used as an attempt to reduce the noise produced from the tip as in this mode the
tip is in constant contact with the surface. However, using this mode completely destroyed the graphene pattern
with channel length of 200 nm (figure 5.10a) and create a hole on the left side of the butterfly for the structure
with channel length of 150 nm (figure 5.10b). Hence, the use of this method in the future measurements was
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avoided.

(a) Destroyed butterfly pattern with channel
length of 200 nm

(b) Introduced damage on the left side
of the butterfly using contact mode

Figure 5.10: AFM images of butterfly patterns using contact mode. The tip used for this set of scan is 8-10 nm
golden tip.

Finally, AFM images are taken using very sharp diamond whiskers tip with diameter of the tip between 1
nm to 3 nm. The scanned structures with channel width of 50, 100 and 150 nm are present in figure 5.11. Using
whiskers type tip, it was possible to obtain much more clear view of the topography of the substrate and see the
contamination that is left on the GNR patterns.

(a) Butterfly pattern (#1) with 200 nm in-
tended channel

(b) Butterfly pattern (#2) with 150 nm in-
tended channel

(c) Butterfly pattern (#4) with 50 nm intended
channel

(d) Butterfly pattern (#3) with 100 nm in-
tended channel

Figure 5.11: AFM images of butterfly patterns after removing the remaining resist. The tip used for this set of
scan is 1-3 nm diamond tip.
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Figure 5.12 presents an overview of the butterflies created with channel width of 50 to 150 nm. The image is
taken using diamond whiskers with very sharp tip of 1 to 3 nm from which it can be seen the left contamination
on the substrate. In addition, there are 4 visible dark spots left from the previously taken SEM images. Most
likely this is because of the beam irradiation that causes formation of silicon-rich nanoparticles in the irradiated
area. When the substrate leaves vacuum environment the surface of the formed silicon particles is re-oxidised
and ideally the silicon network is destroyed. However, some of the silicon network might not be destroyed leaving
the area of the chip still charged [2]. From the performed AFM characterisation of the substrate it is observed
that the "cut offs" and rounded shapes at the edges are formed at the top part of the butterfly, while the bottom
part of the patterns shows better slopes and edges formation.

Figure 5.12: AFM images of butterfly patterns with 50 nm to 150 nm channel. The tip used for this set of scan
is 1-3 nm diamond tip.

Unfortunately, the patterns with channel dimensions of 30 nm by design, was not able to be located on
the sample. The performed characterisation of the area at which the structures were created revealed only the
remaining contamination of the sample, with blob formations at the spots on which the butterflies were included
by design.

5.3.1 Raman measurement of the four contact probe connection area

The performed Raman mapping was done on 7x7 um area covering part of the square and one of the connections
to the golden pad. The design of the created patterns is explained in section 4.2.1. Increasing of the defects or
a combination of armchair and zigzag edges is observed on the edges of the patterns as shown in figure 5.13a
while in the inner parts of the square the defects decreases and towards the top left end the graphene shows
ratios of pristine zigzag edge orientation. The I2D/G and FWHM shows the same characteristics for mono-layer
graphene as it was observed in the previous scans of the sample. In addition, the FWHM shows a diagonal line,
for which the width of the 2D band is between 31 to 33 cm−1. The same area have also higher spectral width
of the D band of approximately 16 cm−1, which could suggest that this is a small fold or a grain boundary with
stressed/strained carbon atoms.

62



(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "D" peak (d) Raman map for FWHM of the "2D" peak

Figure 5.13: Raman intensity maps of mono layer graphene bands and their ratios respectively. The wavelength
of the Raman green laser is 514 nm, with spatial resolution of 1 µm. The scanned area is 7x7 µm2 with a step
size between each measurement of 250 nm.

5.4 Analysis of the oxygen plasma etched from the second batch of

samples

For the oxygen plasma etched sample in this batch the analysis before removing the resist was skipped and the
sample was cleaned directly with acetone followed by IPA rinse and blow dry with air.

5.4.1 AFM images of the butterfly patterns

As mentioned earlier, the dose test of the second batch of samples was skipped, because the focus of this batch
of samples is on micron meter patterns which allows for creating a Raman maps and study the edge termination.
Nevertheless, AFM images are taken on the included butterfly patterns with 200 nm channel. The images are
visualised in figure 5.14 and their dimensions are summarised in table 5.4. As it was expected, the variation of
the dimensions is larger compared to the samples from the first batch. From the results it can be seen, that
the slope become less accurate with deviation of 15 to 22° for the structures created with intended angle of 60°
by design. From the AFM images is also visible that the substrate looks more contaminated compared to the
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images taken from the first etched sample with oxygen plasma in section 5.3. Tip artefacts, can contribute to
some of the features showed in the figures, such as the holes with thickness close to 0 nm and the repeated small
circles patterns that are visible on top of the structure. However, there are left residues from the PMMA, which
are observed on the patterns itself and around them. This can be confirmed also from the image visualised in
figure 5.14c.

Table 5.4: Dimensions of the graphene butterfly structures of second batch oxygen plasma etched sample

Butterfly
№

D_width
(WLS)
nm

D_width
(Wc)
nm

D_width
(WRS)
nm

D_angle
(°)

Real Width
(WLS)
nm

Real Width
(Wc)
nm

Real Length
(Lc)
nm

Real Width
(WRS)
nm

Real
angle
(°)

#1 400 200 400 30 320 97 101 315 32-34
#2 400 200 400 60 375 378 140 151 38-45

Note: The slope angle described in the table represents the minimum and maximum measured value of all slopes for the butterfly
using Gwyddion. All dimension notations can be seen in figure 3.13.

(a) Butterfly pattern #1 with 200 nm channel and
slope of 30°

(b) Butterfly pattern #2 with 200 nm channel and
slope of 60°

(c) Evaluation of the residues on the substrate

Figure 5.14: AFM images of butterfly patterns after removing the remaining resist with acetone for 15 hours
followed by 1 minute in IPA and blow dry with air. The tip used for this set of scan is 8-10 nm golden tip.

5.4.2 Raman analysis of the substrate

The Raman maps in the following section are created by scanning each pattern individually and the results
are merged into one graph without following the actual X and Y coordinates. Therefore the coordinates in the
Raman maps are not written. The actual distance between each pattern for the squares is 5 µm while for the
pentagons and hexagon is 3 µm.

Optical images of the scanned squares, pentagons and hexagons were taken using 100x magnification after
cleaning the sample. The images are showed in figure 5.15. The rotation set by design of the squares, pentagons
and hexagons is present in the middle of the pattern. For the pentagons and hexagons only a partial scan is
performed, because the interest is to derive the edge termination and not to evaluate the quality of the basal
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plane for each pattern.

(a) Rotation of the squares on which Raman maps
are preformed

(b) Rotation of the pentagons on which partial Raman maps
are preformed

(c) Rotation of the hegaxons on which partial Raman maps
are preformed

Figure 5.15: Optical image of the squares, pentagons and hexagons. The "-" sign denotes anti clock wise rotation,
while "+" denotes clock wise rotation.

The obtained Raman maps for the hexagons are visualised in figure 5.16. For each hexagon the scan is
performed with step size between each measurement of 250 nm. It can be seen that the ID/G ratio for the
hexagon with rotation of +3° is the highest near the edges (up to 0.35), followed by the hexagon rotated on -3°
which shows a raise around the edges to 0.2. The other two hexagons with rotation of ± 4° have a very few
spots with introduced defects and the rest of the data suggest similar ratio compared to the ones taken from the
initial Raman mapping of the substrate that was performed after the transfer process (section 5.1.1).

The I2D/G and FWHM for all hexagons is observed to be around of 24 cm−1, with exception of two visible
lines in the middle of the hexagons that are rotated on ± 4°. The raise of the FWHM(2D) is most likely caused
from grain boundary or folded graphene.
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(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "2D" peak

Figure 5.16: Raman intensity maps of mono layer graphene bands and their ratios respectively. The wavelength
of the Raman green laser is 514 nm, with spatial resolution of 1 µm. The scanned area of each individual hexagon
is 12x4 µm2 with a step size between each measurement of 0.25 µm.

In addition, Raman maps are performed on the patterned squares and pentagons. Figure 5.17 and figure 5.18
presents the ID/G and I2D/G ratios, FWHM of the D and 2D bands. For the squares, it can be seen that the
least defects at the edges of the patterns is observed for the +3° rotation. The ID/G of this square is between 0.9
and 0.1, with small defects at the bottom left side of the pattern where the ratio increases to 0.17-0.19. For the
rest of the squares the majority of the edges shows high defects with ID/G ratio of approximately 0.23 and small
parts where the ratio increases up to 0.4. The I2D/G of all squares is between 1.6 to 1.8, with exception for the
square rotated on -1° where the ratio raises to 2.1 - 2.3. From the FWHM of the 2D band for the same square,
a grain boundary can be seen in the middle of the square, which shows a higher I2D/G. Grain boundaries or
folded graphene is observed on 4 out of 6 measured squares.
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(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "D" peak (d) Raman map for FWHM of the "2D" peak

Figure 5.17: Raman intensity maps using green laser with 514 nm wavelength and spatial resolution of 1 µm.
The scanned area for each individual square is 5x4 µm2. The step size between each measurement is 0.25 µm in
horizontal direction and in vertical 0.35 µm.

Contrarily, the Raman maps (figure 5.18) that are performed partially on the pentagons, suggest that the
ID/G ratio is the least for the pentagon with rotation of +1° with ratios between 0.12 to 0.15, while for the
rest of the pentagons, at the edges ID/G increases to approximately 0.23 - 0.27. For all pentagons I2D/G ratios
above 2 are observed and higher FWHM(D) between 15-18 cm−1. Grain boundaries are observed in three of
the pentagons from the FWHM of the 2D band.

The increased D peak can be caused not only by mismatch with the preferred edge orientation, but also from
the oxygen plasma etching, left contaminants from the resist or initial defects introduced from the CVD growth
graphene and transfer.
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(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "D" peak (d) Raman map for FWHM of the "2D" peak

Figure 5.18: Raman intensity maps of mono layer graphene bands and their ratios respectively. The wavelength
of the Raman green laser is 514 nm, with spatial resolution of 1 µm. The scanned area for each individual
pentagon is 2x8 µm2. The step size between each measurement is 0.25 µm in horizontal direction and in vertical
0.35 µm.

Overall, from the comparison of different structures and rotations it was observed that the edge termination
is not related to only one rotation. For hexagons the least amount of defects is observed at rotation of ±4° while
for the squares at +3° and pentagons with rotation of +1°.

Finally, Raman maps are taken on the butterfly with channel dimensions of 1 µm. The design of the butterfly
is shown in figure 4.8 and the corresponding Raman maps in figure 5.19. It was observed that the ID/G ratio
around the edges of the butterfly is increased to 0.19 at the upper part of the structure, while the bottom of
the butterfly shows high defective regions with ratios of 0.25 - 0.3. Possible strains of the graphene pattern is
observed on the same areas, but also small parts of the basal plane, for which ID/G is around 0.15 and FWHM(D)
is 17 cm−1.
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(a) Ratio intensity map for the "D" and "G" peak ratio (b) Raman map for FWHM of the "D" peak

Figure 5.19: Raman intensity maps of mono layer graphene bands and their ratios respectively. The wavelength
of the Raman green laser is 514 nm, with spatial resolution of 1 µm. The step size between each measurement
is 0.2 µm.

5.5 Hydrogen plasma etching of graphene

Before etching the patterned substrate from the second batch with hydrogen plasma, a test is made on samples
that have exfoliated graphene on them. The exfoliated samples can contain from mono layer graphene to graphite
(multi layer graphene). The first test made on exfoliated sample was made with 20W power for 3 minutes and it
was visually observed that damages are introduced to the silicon dioxide and most likely all graphene was etched
away. Therefore, for the next runs the power and time was reduced. Figure 5.20 visualises the grain formation
of the exfoliated sample before etching it with hydrogen plasma. After microscopic images were taken on the
grains, the sample was etched with 10 W power for 1 minute and another set of images was performed. The
microscopic image on the same area of the substrate is visualised in figure 5.21. It can be seen that the layers
of the grains are reduced or removed completely. This experiment was run as a proof of concept that the tool
can be used to remove graphene from the substrate.

After the proof of concept of the etching method was validated, another test was performed to study the
edge termination, introduced defects after etching and the number of layers removed. The same power and
etching time is used as in the previous experiment in order to etch a different sample. The ID/G ratio before
etching the sample on one of the grains is visualised in figure 5.22a. After hydrogen plasma etching the same
grain was scanned. It can be seen from figure 5.22b that ID/G ratio raised for the entire scanned area of the
grain. Nevertheless, a further study of the etching effects on mono layer graphene covered with resist is required
in order to conclude the efficiency of the hydrogen plasma deposition tool as an etcher. From the FWHM of
the 2D peak it can be derived that the hydrogen plasma etching reduced the grains from four layers to bi-layer
with some spots that shows three layer graphene. In addition, a test was performed on spin coated sample with
PMMA and it was found that the hydrogen plasma etches the 0.45 nm PMMA per second, which is a good result
as the thickness of the remaining resist on the patterns of the mono layer graphene samples is approximately
120 nm.
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Figure 5.20: Exfoliated sample grains before etch-
ing with hydrogen plasma

Figure 5.21: Exfoliated sample grains af-
ter etching with hydrogen plasma

(a) Ratio intensity map for the "D" and "G" peak before
etching

(b) Ratio intensity map for the "D" and "G" peak ratio
after etching

(c) Raman map for FWHM of the "2D" peak before etching (d) Raman map for FWHM of the "2D" peak after etching

Figure 5.22: Raman intensity maps of exfoliated graphene grains. The wavelength of the Raman green laser
is 514 nm, with spatial resolution of 1 um. The scanned area is 21x21 µm2 with a step size between each
measurement of 1 µm.
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For the patterned substrate from the second batch, 5W power and etching for 30 seconds was used, followed
by cleaning in acetone for 3h. The analysis of the sample after that showed that still a large part of the PMMA
was not cleaned. Therefore, the sample was cleaned for another 15h. After cleaning the sample, Raman maps
on two of the hexagons (#1 with rotation of +3°, and #2 with rotation +4°) are taken from the same area of
the substrate for which the scan was performed on the oxygen plasma etched sample discussed in section 5.4.2.
The result of the analysis is visualised in figure 5.23. It can be seen that, for both parts of the hexagons the
ratio of ID/G is much higher compared to the one taken for the oxygen plasma etched sample, which suggest
that the patterns are still contaminated. The high contamination of the sample is most likely caused from arcing
that occur during the etching, which either introduces permanent damages to the sample, or the exposure to the
plasma reacts in such a way with the PMMA resist that it cannot be removed effectively with acetone. From
the FWHM(2D) of the hexagon rotated with +4° it was observed that it does not have the grain boundary or
fold in the basal plane, as it was observed for the hexagon measurement from the previous experiment with the
same rotation.

(a) Ratio intensity map for the "D" and "G" peak ratio for
hexagon #1

(b) Ratio intensity map for the "D" and "G" peak ratio for
hexagon #2

(c) Raman map for FWHM of the "2D" peak for hexagon
#1

(d) Raman map for FWHM of the "2D" peak for hexagon
#2

Figure 5.23: Raman intensity maps of etched hexagons with hydrogen plasma. The wavelength of the Raman
green laser is 514 nm, with spatial resolution of 1 um. The scanned area is 12x4 µm2 with a step size between
each measurement of 0.25 µm.
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In addition to the Raman maps, AFM images (figure 5.24 also confirms that the sample is quite contaminated
after the extensive cleaning of 15h. Scan was performed on one of the butterflies with intended design channel of
200 nm (figure 5.25. This image suggest, that most likely the remaining resist on the patterns is with thickness
of approximately 50 nm. Unfortunately, the left over part of the resist is not cleanable and left as a permanent
damages.

Figure 5.24: AFM images of the squares with butterfly patterns after removing the remaining resist with acetone
for 15 hours followed by 1 minute in IPA and blow dry with air. The tip used for this set of scan is 8-10 nm
golden tip.

Figure 5.25: AFM images of the butterfly patterns with intended channel width and length of 200 nm. The tip
used for this scan is 8-10 nm golden tip.

5.6 Carrier mobility extraction

The calculation of the electron/hole mobilities is adapted from [4] and [5].
A four contact probe measurement was not possible, due to the very small golden contact pads of 20 µm,

that are used to connect the square pattern described in section 4.2.1. An attempt was made to connect,
but only two out of four probes showed a resistance, which after trying to adjust the other two probes they
lost contact. Therefore, electrical measurements in room temperature was performed using two probes on the
butterfly patterns created between the 200 µm Au pads from the second batch of samples. The dimensions of
the butterflies and their position on the chip are described in section 4.2. The measurement is performed by
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supplying a constant voltage of 1V to one of the contacts, while the other was set to 0V. The back gate voltage
was changed from -100 to 100V in order to find the Dirac point and extract the electron and hole mobility rates.
The obtained transfer characteristics for the different butterfly patterns with channel dimensions of 1, 3, 7, 10
and 20 µm are visualised in figure 5.26. The the minimum current points (Vdirac) have been shifted to zero in
order to normalise the extracted carrier mobilities to one point. The measured Vdirac point is described later on
in table 5.5.

Figure 5.26: Transfer characteristics of butterfly patterns that have different channel lengths of 1,3,7,10,20 µm
with 1V supplied as Vds and back gate voltage changes from -100 to 100 V.

The mobility is estimated from the slope dIds
dVgs

of the linear part of the transfer characteristics using equation
5.1. This method of extraction is called direct transconductance method (DTM). In DTM the field-effect mobility
is extracted according to the gate voltage dependent transconductance which does not take into account the
contact resistance.

µ =
d

W ∗ Cox ∗ V ds
∗ dIds
dVgs

(5.1)

where d is the length of the channel, W is the width of the channel, Cox is the SiO2 capacitance and µ is the
field-effect mobility. The SiO2 capacitance is calculated using the formula 5.2.

Cox =
ε ∗ ε0
tox

(5.2)

where ε and ε0 are relative and absolute dielectric constant and tox is the thickness of the SiO2 layer, which
for this substrate is 285 nm. Because of the complexity and accurately describing the butterfly shape is reduced
as a three squares connected to each other that forms an approximate channel between the Au contacts. Thus,
the expression d

W is calculated using formula 5.3

d

W
=

d

W1 +W2 +W3
(5.3)

where d is the contact to contact length taken as 100 µm and W1−3 is the width of each square. W1 and
W3 are the left and the right side of the butterfly for which the width is considered as constant of 40 µm, while
the actual channel width created by design (W2) is changed for each calculation from 1 to 20 µm. The carrier
concentration can be calculated directly from the measured Vdirac using equation 5.4.

n =
Cox

e
∗ Vdirac (5.4)
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where e is the electron charge (e ∼= 1.602 ∗ 10−19). Due to the neglecting of contact resistance, the calculated
field-effect mobility would be lower than the real electron/hole mobilities. In addition to that the approximation
of the channel, could also contribute to an increase or decrease of the mobility. The obtained results using
equation 5.1 are plotted in figure 5.27.

Figure 5.27: Carrier mobility extraction using DTM of butterfly patterns with different channel lengths of
1,3,7,10,20 µm.

Table 5.5: Measured Dirac voltages of devices with different channel length, extracted field effect mobilities and
charge density.

Device
№

Channel
length
(µm)

Dirac Voltage
Vdirac
(V)

Charge density
n

(106cm−2)

hole mobility
µ

(cm2 V-1s-1)

electron mobility
µ

(cm2 V-1s-1)

#1 1 87 1.90 399 414
#2 1 80 1.19 379 401
#3 3 57 1.17 290 283
#4 7 70 4.15 528 525
#5 10 83 1.80 882 838
#6 20 77 1.73 325 339

From the summarised Dirac voltages in table 5.5 it can be seen that for all devices Vdirac are positive,
which means that from the adsorbed oxygen and water molecules on graphene the devices become p-doped.
Furthermore, doping will introduce extra scattering for holes and electrons in graphene and thus lower their
mobility. A correlation between the Vdirac and carrier concentration shows that the charge density decreases
when the Dirac point is shifted towards the positive direction. However, device #4 shows the highest charge
density, that is approximately 2 times bigger than the ones calculated for device #1, #5 and #6. From the
transfer characteristics, device #4 shows much steeper slope of the current for the negative voltage sweep. In
addition the current measured at Dirac point is approximately 60 µA, which two times bigger than the one for
the other devices and might be the reason for the calculated higher carrier concentration. From the obtained
carrier mobilities, the device with 10 µm shows the highest electron and hole mobilities of 882 cm2 V-1s-1 and
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838 cm2 V-1s-1 respectively. On the other hand, the lowest electron (290 cm2 V-1s-1) and hole (283 cm2 V-1s-1)
mobilities are calculated for the structure with 3 µm channel.
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Chapter 6

Conclusions and Recommendations

As CMOS scaling approaches the atomic feature size limit which results in a high power density and current
leakage, low reliability and increased time and production cost, the need for new materials and devices is
increasing. One of the promising materials to replace the CMOS technology is graphene. The goal of the thesis
project is to analyse the limitations of achieving sub-50 nm GNR patterns, the effects on the edges from the
fabrication steps and the influence of contaminants on the electrical properties.

A literature review was done in which the available methods for fabricating graphene patterns was investigated
that covers the growth methods, transferring, patterning, etching and characterisation.

The simulation model described in Chapter 3 uses semi-empirical tight binding model in combination with
NEGF in order to calculate the current flow through graphene butterfly patterns. The calculated current is
used to derive the conductance changes based on the supplied top and back gate voltages. Different butterfly
patterns were simulated with a smallest feature size of 10 nm or 30nm. The results showed that by modifying
the dimensions of the butterfly different conductance can be obtained from which, by connecting the butterflies
as complementary Boolean logic, it is possible to mimic the behaviour of an inverter, buffer, OR and NOR gates.

Based on the results from the simulation model the patterns with a channel of 30 nm and other test structures
with dimensions above 50 nm such as butterflies, squares, pentagons, and hexagons are used to create different
designs. The fabrication process used CVD graphene transferred to SiO2/Si samples. EBL was used to expose
the designs on the samples follow by developing with 1:3 ratio of MIBK and IPA for 60 seconds. The exposed
parts of graphene were etched with pure oxygen plasma for 30 seconds.

From the performed AFM/SEM characterisation, it was found that the created patterns below 50 nm were
not present on the substrate. The patterns created with 50 nm channel by design were patterned successfully
and the characterisation with AFM/SEM revealed that the channel width is smaller than the intended design
by 5 to 50 %. Patterns that were designed with a channel below 150 nm are observed to have cut offs with no
clear formation of slopes or rounded edges at the top part of the butterflies. On the other hand, for the bottom
part the exposure was more uniform and the butterflies have distinguishable slopes and channel lengths. The
characterisation of all butterflies with 200 nm channel showed that the dimensions of the device are very close
to the ones intended by design and have a close to perfect edge formation. The most important steps towards
obtaining correct ribbon dimensions is the exposure of the resist with EBL and developing of the sample which
can be limited from multiple factors such as height of the sample with respect to the e-beam lens, tilt of the
sample, variations in the resist profile, development time, vacuum level during exposure, humidity, vibrations
and others. The non uniform exposure of the patterns at the top and the bottom part is most likely caused from
the writing method of the EBL which exposes the design line by line.

From the Raman maps of the squares, pentagons and hexagons it was found that the least amount of defective
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edges are observed at different rotations of the patterns, due to rotated grains by ± several degrees. Based on
all of the performed Raman measurements the most likely edge orientation is random (combination of zigzag
and armchair edges) with introduced additional defects from the etching, left contaminants from the resist or
initial damages to the grains from the growth and the subsequent transfer process.

From the literature survey of the etching processes in section 2.3.3, remote hydrogen plasma is the only
method that shows termination of the edges in zigzag direction. Based on this a test was perform to etch mono
layer graphene using a DC hydrogen plasma. Arcing was observed during direct exposure to a DC hydrogen
plasma which either made permanent damage to the resist or reacts with it in a way that was not possible
to remove it with acetone efficiently. Highly defective pattern was observed from the taken Raman maps that
showed ID/G ratios reaching 0.5. AFM images of the butterfly patterns also showed that the remaining resist
on top of the patterns is with thickness of approximately 50 nm.

From the performed two contact probe measurements on all patterns a positive shift of the charge-neutral
Dirac point voltage was observed, indicating p-doped graphene which is caused by the adsorption of oxygen,
water molecules, and contamination left from the fabrication process.

Overall, there are multiple challenges to be resolved before graphene nano-ribbons can be used as building
blocks for Boolean logic gates. The challenges starts with the growth process, which currently creates a poly-
crystalline graphene from grains with different sizes in the range of nm to µm. Furthermore, grains can differ
with several degrees in rotation that makes patterning the channels with the same edge termination as the desired
one even more challenging. Transferring the graphene film to a substrate suitable for further processing can
leave contaminants or introduce lattice defects. An attempt was made to determine the edge orientation before
patterning using Raman (appendix B), but because of the formed poly-crystalline graphene film and the defects
introduced to the basal plane from the CVD growth, the experiment was not successful. As it was already
mentioned, exposure and developing of the sample can be influenced by many factors and have a significant
impact on the dimensions of the ribbons. Oxygen plasma etching of graphene introduces edge defects, which
affects the electrical properties of the patterns. Cleaning of the sample with chemicals such as acetone was
observed that does not fully clean the graphene even after 15h of soaking. These contaminants are expected to
reduce the electrical performance of the graphene and could be one of the explanations for the observed mobility
in the range of 280 to 900 cm2 V-1s-1.

6.1 Recommendation for future work

There are multiple actions to be taken in order to use mono layer graphene as a material for Boolean logic gates.
Most of the actions are related to further optimisation of the fabrication process in order to obtain controllable
and uniform patterns at specific feature size. Based on the work performed in this thesis the steps which can be
taken as a follow up project are summarised below:

• STM is one of the methods which could achieve atomic resolution on the patterns created between the gold
pads and etch with oxygen plasma, which can be used to evaluate the damages introduced to the edges.

• Cleaning the sample was observed to be challenging task. Left contamination of the ribbons results in
doping, which would degrade the electrical properties of the ribbons. Thus, further investigation of how
to clean effectively the sample without introducing damages to the edges or the lattice of the ribbons is
necessary. One possible solution could be to perform initial cleaning of the sample using cold acetone for
several hours followed by rinse in IPA and blow dry with nitrogen gun. To further clean the surface of the
remaining contamination Raman laser with low power (10 - 30 mW) can be used as a heating source for
several minutes which could result in decomposition of the PMMA.
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• It was observed from the results in appendix E that when the sample is electrically isolated, hydrogen
reacts very mild with graphene. This could mean that initial etching can be performed with hydrogen
plasma followed by oxygen plasma in order to remove the rest of the graphene and potentially reduce the
amount of defects at the edges of the patterns.

• Several samples are remaining with transferred mono layer graphene, which can be used to pattern struc-
tures with channel width of 50 nm or above and lengths in µm sizes. This will allow contact placement
and perform temperature dependant measurements and study the changes in the Dirac point and mobility.
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A Raman spectroscopy measurements of 11 x 11 micron area using

first polynomial fitting curve

From the created Raman maps using first polynomial fitting, it was observed, a area at which the graphene
behave as it is folded or it is locally being lifted from the SiO2. This can be seen from the FWHM of the 2D
band and I2D/G ratio in figure 1c and figure 1b.

(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "2D" peak

Figure 1: Raman intensity maps of mono layer graphene bands and their ratios respectively. The wavelength of
the Raman green laser is 514 nm, with spatial resolution of 1 µm. The scanned area is 11x11 µm2 with a step
size between each measurement of 1 µm.

To further analyse the reason behind the low FWHM expression and high I2D/G, three random points are
selected and the raw measurement is compared with the raw measurement from a point at which this effect was
not observed. It can be seen from figure 2 that the signal is tilted for the selected three points in comparison
to the measurement outside of this area. The tilt of the signal, most likely hides the real intensity rates of the
peaks. In addition, the fitting algorithm might not be able to distinguish correctly the peak position and rate
correctly which could lead to wrong ratio calculation. Another possible reason is that at this position of the
substrate the graphene is folded or locally being lifted from the SiO2.
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Figure 2: Raman raw measurement comparison of areas that shows a low FWHM expression, with a point for
which the FWHM is within the set threshold.

In order to validate the origin of the error the fitting curve of the algorithm for the tilted signals is analysed.
Figure 3a shows that using first order polynomial curve fitting is not able to correctly detect the D peak, and 2D
peak becomes narrower as the starting points are moved towards the middle, which confirms that the origin from
the error comes from the fitting algorithm. Therefore, a higher polynomial curve fitting is used to accurately
detect the peaks and their true starting points. It was found that fourth order of polynomial curve fitting is
able to accurately detect the peaks as shown in figure 3b.

(a) Raman raw measurement fitted using first order of poly-
nomial curve fitting.

(b) Raman raw measurement fitted using fourth order of
polynomial curve fitting.

Figure 3: Lorentzian fitting of the Raman measurements using different orders.

B Determining the orientation of the transferred graphene

One of the substrates after transfer process is used to perform experiment in order to study the edge termination
of the graphene grains. In total, two experiments are performed on the same area of the chip, but between each
experiment the substrate is rotated 90 degrees.

The expected theoretical outcome is that for one of the experiments the D peak is present, while for the other
the D peak should be much smaller or not visible at all. In this case the absence of the D peak would suggest
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a pristine graphene with zig-zag edges. However, the transferred graphene is poly crystalline which contains
unavoidable topological defects at the grain boundaries consisting of non-hexagonal carbon rings. Thus, the scan
is performed inside the grain and not at the grain boundary, because at the grain boundary the edge termination
is not likely to be determined as the measurement will capture the introduced defects, instead of the edges. In
addition mechanical deformations and contamination left from the transferring are very likely to be present.
Thus, the expected outcome of the experiment is that for all measurements the D peak to be visible, but at one
of the chip rotations to have lower value.

The spot chosen to perform both of the experiments is near one of the gold markers located at the middle
of the chip. This position of the substrate allows for easier location after rotating or moving the substrate. For
experiment #1 the armchair edges are suppose to be located in the x direction of the substrate (horizontally)
based on the requested edge orientation made to the external company. The preferred edge orientation is
discussed in section 4.1. The scanned area is visualised in figure 4. For experiment #2 the chip was rotated on
90 degrees (figure 5) and the starting point for the experiment was as much as possible chosen to be the same
as performed in experiment #1.

Figure 4: Experiment #1 scanned surface of 15x15 mi-
cron

Figure 5: Experiment #2 scanned surface after 90 de-
gree rotation.

It is worth noting, that manual rotation of the chip is very likely to cause a difference between both ex-
periments (i.e the angle on which the chip is placed, the laser spot size on the chip, the starting point of the
experiment, external light interference, the heating of the laser and etc.). All of this can contribute for less
accurate result. In order to avoid the laser influence to the final result, the ID/G ratio is used as comparison,
instead of taking the D peak intensity from each measurement. As alternative method to perform this analysis
is to change the polarisation of the laser between each experiment, which will eliminate the potential errors
coming from manual rotation [1]. The authors of the paper showed experimentally that for an-isotropic D band
which is the case for edges, it is possible to distinguish the type of the edge. Armchair edges can be detected
by changing the laser polarisation to 45°. They have also observed that introduced edge defects from grain
boundaries give rise to double resonance processes, which makes the intensity of the D band isotropic and does
not depend anymore on the light polarisation direction. However, the Renishaw system that was used to perform
the Raman experiments, does not support changing the polarisation of the laser, hence this type of experiment
was not performed.

In order to analyse the data, the ID/G ratio of each measurement is compared individually for all scans and
a percentage difference between experiment #1 and experiment #2 is plotted as a heat map in figure 6. The
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formula used to derive the percentage difference between both peaks is described below.

B(i) =
ID/GExperiment#1(i) − ID/GExperiment#2(i)

ID/GExperiment#2(i)
∗ 100 (1)

where i is the index of each block and B is the final percentage difference.
It can be seen, that for each block the D peak value of experiment #1 is higher by at least 5 % compared to

the peak value taken from experiment #2. Despite the fact, that the results shows a difference in the ID/G ratio,
to accurately detect the edge termination, the measurement should be performed at the edges of the grains and
not in the basal plane. But, at this stage the graphene is poly-crystalline with grains touching to each other
or overlapping, which makes it not possible to perform scan at edge of the grains. Furthermore, CVD growth
graphene is not pristine graphene, which consist of defects in the basal plane as mentioned in section 2.1.3. This
means that by scanning the basal plane it is very likely to probe the defects and rotations of the sample to cause
increase of the D peak. Thus, the experiment is considered as not successful.

Figure 6: Percentage difference of the ID/G peak ratios for experiment #1 and experiment #2

C Raman maps of the butterflies with 50-200 nm channel before

cleaning the sample

To verify that the mono layer graphene patterns are still below the resist and not etched away from the oxygen
plasma a Raman mapping of the square that contains the bigger butterfly structures is performed. Figure 7
shows the intensity maps for 10x10 µm2 using green laser with 514 nm wavelength and step size between each
measurement of 350 nm. The intensity map of the I2D/G (figure 7b) and FWHM (figure 7c) shows ratios that
are in the range of the set threshold values for mono layer graphene in section 5.1. However, the analysis of
the "D" peak suggest that the etching process introduce defects in the mono layer graphene lattice, or that the
remaining resist influences the measurement that leads to higher values of the "D" peak. This can also be seen
from the ID/G in figure 7b, where the spots on which graphene is detected have ratios in the range between 0,6
and 1,6. This ratios are higher than the set threshold of 0,1 or below.

One limiting factor of performing Raman maps on small features is the spatial resolution, i.e the spot size
that interacts with the substrate, that can be set to approximately 1 µm at the highest magnification. This does

84



not allow to see the patterns it self, but also some of the measurements covers the whole pattern itself and the
defects from all sites of the structures are registered.

(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "2D" peak

Figure 7: Raman intensity maps of mono layer graphene bands and their ratios respectively. The wavelength of
the Raman green laser is 514 nm, with spatial resolution of 1 µm. The scanned area is 10x10 µm2 with a step
size between each measurement of 350 nm.

D Raman maps of the butterflies with 50-200 nm channel after clean-

ing for 15h with acetone

Figure 8 shows the intensity maps for 10x10 µm2 area using the same laser settings and step size of the mea-
surement as the previously performed experiment. Due to shifting of the starting point for the measurement,
external variations and large spot size of the laser interacting with the sample, the scanned patterns does not
show the same formation as in appendix C. However it can be derived, that the large "D" peak value (figure
ID/G) ratio is not influenced by the resist, but that the mono layer graphene patterns have indeed introduced
lattice defects and part of which can be edge defects. Nevertheless, the I2D/G (figure 8b) and FWHM (figure
8c) remained in the set threshold for mono layer graphene.
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(a) Ratio intensity map for the "D" and "G" peak ratio (b) Ratio intensity map for the "2D" and "G" peak ratio

(c) Raman map for FWHM of the "2D" peak

Figure 8: Raman intensity maps of mono layer graphene bands and their ratios respectively. The wavelength of
the Raman green laser is 514 nm, with spatial resolution of 1 um. The scanned area is 10x10 µm2 with a step
size between each measurement of 350 nm.

E Remote hydrogen plasma etching

The sample was placed on a plate which serves to electrically isolate the sample with the plasma and remove the
arcing effect, that was observed when sample was exposed directly to the hydrogen plasma. Four experiments
were performed, with different etching times and different power. The results are visualised in figure 9 and
compared with the measurement before etching. It can be seen that, after 30 seconds etching with 5W, the
high D-peak shows that the hydrogen reacts with the graphene and start introducing defects. The 2D band is
observed to become wider and less intense, which is another indication that the hydrogen plasma introduces
damages and destroys the graphitic chemical structure. After 5W and 5 min of etching, the 2D band almost
disappear, but still G and high D peaks are observed. The followed up etchings for 10 and 30 minutes showed
appearance of the G and D peaks which remains almost the same that makes it not possible to etch the remaining
part of the graphene. In addition, after each etching iteration the thickness of the resist on top of the structures
decreased, where after the last test was visible that a large part of it was etched away. The changes in the
thickness of the resist can be seen in figure 10.
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Figure 9: Raman measurement after remote hydrogen etching for different times

(a) Resist thickness after 5W for 30 seconds hydrogen
plasma etching

(b) Resist thickness after 5W for 5 minutes hydrogen plasma
etching

(c) Resist thickness after 5W for 10 minutes hydrogen
plasma etching

(d) Resist thickness after 30W for 30 minutes hydrogen
plasma etching

Figure 10: Changes of the PMMA thickness after each etching step.
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